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The development of cost-effective and scalable synthetic methods is of paramount importance 
to achieve industrial application of energy conversion and storage devices based on layered 
double hydroxides (LDH). Herein, we synthesized NiCo-LDH nanosheets via a simple up-
scalable co-precipitation method at relatively low temperature. Moreover, we used several 
characterization techniques to unveil the unique properties of the novel NiCo-LDH among 
which XRD, EDS, XPS and FT-IR. Consequently, we further investigated NiCo-LDH 
nanosheets using cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) to evaluate the electroactivity of the as-synthesized NiCo-LDH for energy storage in 
supercapacitor. Overall, the electrochemical test of the as-synthesized NiCo-LDH revealed 
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XRD : X-ray diffraction 
XPS  : X-ray photoelectron spectroscopy 
SEM  : Scanning Electron Microscopy  
EDS   : Energy dispersive spectroscopy 
FTIR  : Fourier Transform Infra-Red  
CV : Cyclic Voltammetry  
EIS  : Electrochemical Impedance Spectroscopy 
GCD : Galvanostatic Charge-Discharge 
SCs  : Supercapacitors 
EDLC  : Electric double layer capacitor  
PSC : Pseudo-supercapacitor  
MSC : Micro-supercapacitor  
LDH  : Layered double hydroxides 
Ni : Nickel 
Co : Cobalt 
Fe : Iron 
KOH : Potassium hydroxides 
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The increasing environmental challenges such as the rise of global warming and depletion of 
fossil fuels have enthused the scientific community to dedicate tremendous effort to the 
development of various clean energy technologies in recent years [1-4]. Thus, most of the 
efficient, clean and sustainable energy production sources were successfully developed, such 
as solar cells, tidal power, wind energy, hydrogen fuel cells, geothermal energy, and so forth. 
However, most of these energy production sources are not able to generate electric power 
continually and thus they cannot meet domestic and industrial growing energy demand. 
Therefore, to store the produced energy from common energy production sources, proper 
energy storage devices are required [5]. In addition, the electric and hybrid vehicles sector and 
the demand for energy in modern digital communications (i.e. 5G) also encourage the 
development of the next generation of energy storage devices exhibiting high energy and 
power density.  
 
Electrochemical capacitors also known as ultracapacitor or supercapacitors (SCs) are gaining 
worldwide research interest because of their superior storage capabilities relative to 
conventional batteries, such as long lifespan, safe operation and high-power density [6-8].  
 
Supercapacitors have the merit to be one of the most effective energy storage devices to date 
due to their long cycle life, zero maintenance and capability to deliver high power and energy 
density simultaneously. The recently developed supercapacitor configurations are also 
displaying several advantages such as fast charging in the order of seconds, the capability to 
work under wide voltage window, at relatively high temperatures and exhibit exceptionally 
high number of the charge-discharge cycle (˃ 500 000) [9-10]. 
 
 




Owing to the above-mentioned advantages, supercapacitors have found numerous 
applications in memory backup systems, elevators, consumer electronics, bullet trains [11-13] 
and electric & hybrid electric vehicles [14]. The high power capability of supercapacitors is 
comparable to that of batteries and it offers an inspiring route to meet the shortage of power in 
energy storage systems in the up-coming industrial revolution [15]. 
 
 
1.2. Supercapacitors applications  
 
There are several supercapacitors applications and many varied models exhibiting capacities 
ranging from a few farads to several thousand farads proposed by manufacturers. In recent 
years, supercapacitors have proved their reliability in embedded systems. Their service life 
and almost zero maintenance cost allow them to be the component of choice for many 
applications. 
 
To date, the field of transport is the main field of application targeted for supercapacitors. The 
best illustration of their reliability in this area is that a module of supercapacitors is associated 
with an alternator-starter in the e-HDI system developed by PSA, on the Citroën C4 and C5, 
and 400 000 vehicles are already equipped (see figure 1.1(A)). The upcoming implementation 
of these systems on diesel models will allow fuel consumption to be reduced by 15% and to 
be in line with the European standard on carbon dioxide emissions of 130 grams of CO2 
emitted per 100 km [16]. Moreover, in Germany a prototype light rail vehicle equipped with a 
MITRAC storage unit which is based on higher performance supercapacitors connected in 
series was successfully completed a trial period of four years in the public transportation 
system (see figure 1.1(B)) [17]. 
 
Interestingly, the innovative designs of supercapacitors such as flexible supercapacitors are 
nowadays possible. This opens the field to new applications which is allowing the active 
material to be deposited on textiles [18]. The best illustration is the first military uniforms 
sold in 2008 by Sagem to the French Army comprising flexible electronic components and 








Figure 1.1: (A) Citroën C5 (e-HDI system) [16], (B) Tramway filled with MITRAC  
                    storage unit[17]. 
 
Figure 1.2: Military uniforms comprising flexible electronic components and  
                 flexible supercapacitors as energy storage and power supply units[18]. 
A
1   e-Booster
1a Electronique de puissance
1b Supercapacitors 5V
2 Battery 12 V 70Ah








1.3. The problem statement 
 
The energy storage devices remain a hot research topic due to the exponential growth of 
energy demand across the global arena [20]. 
 
Currently, different energy storage technologies are widely researched and developed which 
include compressed air, flywheel, superconducting magnetic energy storage, pumped hydro 
and various electrochemical technologies (fuel cells, lithium-ion batteries, Sodium-ion 
batteries, lead-acid batteries, Zinc-air batteries, super-ionic conductors, solid-state garnet 
oxides, flow batteries, Lithium-ion capacitors and supercapacitors, etc.) [21].  
 
The important role that each conversion system or energy storage plays is remarkable in the 
respective areas of dominance. While the popular choice of energy storage for most portable 
devices is batteries, which attain energy densities of 180 Wh kg-1 for Li-ion batteries [22], 
their electrode materials suffer enormously because of the electrochemical reaction that 
occurs during the charge/discharge cycling [23]. 
 
Batteries store a relatively great amount of energy compared to supercapacitors due to the 
faradaic storage mechanism. However, batteries suffer a drawback of volumetric expansion. 
Their storage mechanism does not allow them to deliver high power density due to the 
volumetric faradaic reactions. During the charging process, the electrolyte ions are stored 
within the batteries electrodes, while the supercapacitors charge mechanism occurs on the 
surface of electrodes material. This phenomenon remains the main obstacle, which impedes 
the usage of batteries for high power performance applications, which usually need fast 
charging and discharging in short time intervals and favored batteries not to have a long 
lifetime compared to supercapacitors. Furthermore, batteries encounter thermal management 
issues [23-24]. 
 
Thus, the scientific community is devoting tremendous effort in improving supercapacitor 
properties to allow their industrial viability. Figure 1.3 (A) displays the charge process of 






Figure 1.3: (A) Charge process of batteries, (B) Supercapacitors charge process. 
 
Supercapacitors are one of the most assuring energy storage devices, which have the ability to 
transport high power loads within a very short period of time and store large amounts of 
energy, combining the properties of conventional dielectric capacitors and rechargeable 
batteries [25–29].  
 
Overall, having superior capabilities and several advantages over other energy storage 
devices, supercapacitors in principle exhibit a major drawback that permanently limits their 
practical application. Generally, they have low energy density compared to batteries, which 
are globally the center-topic of thousands of research reports yearly [30]. Successful 
engineered electrode interfacial properties can contribute to achieving high specific 
capacitance, which is one of the keys to improving energy density of supercapacitors 
available on the market. 
 
This work is focused on the synthesis of Nickel Cobalt layered double hydroxide using a 
scalable co-precipitation technique with various diverse reactants and on its electrochemical 
evaluation for application as an electrode material. The main focus is to achieve relatively 










1.4. Research aim and objectives 
 
The main aim of this study was to investigate the physicochemical and electrochemical 
properties of Layered Double Hydroxides (LDH) as supercapacitor electrodes. 
 
Further objectives of the research were: 
 
(a) To synthesize NiCo-LDH via a scalable co-precipitation method, 
(b) To use comprehensive analytical techniques such as XRD, FTIR, SEM, EDS, and XPS, to 
characterize the sample, 
(d) To investigate via standardized electrochemical tests the storage capabilities of the as-
obtained NiCo-LDH for supercapacitor electrodes. 
 
 
1.5. Dissertation layout 
 
 Chapter 1: Introduces the current dissertation; 
 Chapter 2: Presents the review of the literature; 
 Chapter 3: Deals with the sample preparation method and characterization techniques 
used in this study; 
 Chapter 4: Discusses the results obtained from NiCo-LDH properties analysis and 
electrochemical behaviors; 
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2.1.1. Historical background 
 
Becker from General Electric’s company is the first known inventor to date who filed the 
first-ever patent on supercapacitors in 1957 [1]. Becker’s supercapacitor invention was based 
on electrodes designed using porous carbon deposited on stainless steel using an aqueous 
H2SO4 electrolyte. However, the principle of storage charge carriers was not entirely 
understood at that time and was therefore not included in the invention’s description. Later 
between 1966 and 1970, another reputable company known as Sohio (Standard Oil Company 
of Ohio) Corporation filed several patents on supercapacitors based on graphite, using an 
organic electrolyte allowing the increase of the operating voltage [2]. Interestingly, their 
research and development activities established the link between Helmholtz's work on the 
double-layer capacity carried out a long time before 1879 [3], and the charge storage process 
at the electrode/electrolyte interface. 
 
2.1.2. Working principle of supercapacitors 
 
Supercapacitors are devices mainly composed of two electrodes of desired highly porous 
materials that are electrically isolated using a separator that prevents short-circuiting between 
electrodes commonly impregnated in a suitable electrolyte. Presently, they are designed and 
manufactured in several scales, ranging from micro to above centimeters.    
 
Two typical categories of supercapacitors can be considered, the electric double layer (EDLC) 
and pseudocapacitors (PCs). The EDLC stores the charges in a way such that it is free of any 
chemical reaction, via electrostatic adsorption of electrolyte ions at the electrolyte/electrodes 
interfaces. While PCs store energy through a faradaic reaction, which takes place on the 
 




surface of electrodes. During the polarization of a supercapacitor, anions and cations are 
adsorbed on the surface of the positive and negative electrodes, respectively. Overall, these 
supercapacitors involve highly performing materials with relatively high specific surface area, 
between 1000 and 2000 m2g-1[4].  
  
It is worth mentioning that supercapacitors are usually categorized as symmetric type or 
asymmetric type due to the type of electrodes used to store charge. The symmetric type 
supercapacitors involve two electrodes based on the same active material. In contrast, the 
asymmetric type supercapacitors include electrodes based on different active material. 
Nevertheless, the asymmetric type supercapacitor mostly exhibit good performance compare 









2.1.2.1. Electric double layer capacitors  
 
In the 19th century, Helmholtz and later, Gouy & Chapman and Stern & Geary have proposed 
that the ions gathered around the surface of the electrode were the base of a diffuse layer. 
They also stated that the mechanism was fundamentally different from batteries because the 
charges are stored on the surface of electrode materials involving no redox reaction. Thus, 
that charge mechanism is named double-layer capacitance [6-8]. 
 
Unlike batteries, during charge/discharge, the above-highlighted mechanism includes no 
charge movement at the electrode/electrolyte interface and involves no ionic exchange from 
the electrode to the electrolyte and vice versa; which indicate that no change related to the 
electrolyte concentration can occur during charge/discharge processes [9]. Thus, the double-
layer capacitor charge/discharge electrochemical processes can be expressed as follow [5, 9-
11]: 
 
On the positive electrode: 
Es1 + A
-                 charge                        𝐄𝒔𝟏
+ // A- + e-    (2.1) 
 
𝐄𝒔𝟏
+ // A- + e-      discharge                 Es1 + A
-    (2.2) 
 
On the negative electrode: 
Es2 + C
++e-           charge                     𝐄𝒔𝟏
− // C+    (2.3) 
 
𝐄𝒔𝟏
− // C+               discharge              Es2 + C
+ +e-    (2.4) 
 
 
Thus, the total charge/discharge process can be expressed analytically as follows: 
 
Es1 + Es2 + A
- + C+            charge                  𝐄𝒔𝟏
− // A- + Es2//C
+    (2.5) 
 
𝐄𝒔𝟏
+  // A+ + 𝐄𝒔𝟐
−  //C+         discharge               Es1+ Es2 +A







 Es1 and Es2 : are carbon electrode surfaces,  
 //   : is the double-layer containing charges,  
 C+ and A-  : are designed as the cations and anions of the electrolyte. 
 
Nevertheless, it should be noted that each electrode can be considered to be a single capacitor 
of capacitance (C1) or (C2) which can be assumed as a straightforward proportional 
improvement to the surface area A of the electrode/electrolyte interface and the electrolyte 
permittivity ε [5]. 
 
During electrode immersion in the electrolyte, an excess of charges superficial to the 
electrode and accumulation of ionic charges on its surface forms the electrochemical double 
layer, shown in figure 2.2. According to Stern, it is consisting of a compact layer, or layer of 
Helmholtz CH, and a diffuse layer Cdiff, also known as layer of Gouy-Chapman. Grahame’s 
model considered an additional layer in the compact Helmholtz layer, which is divided into an 
internal plane and an external plane. In the case of an aqueous electrolyte, the internal plane is 
defined by the center of desolvated anions irreversibly adsorbed on the electrode. The external 
plane corresponds to solvated cations, according to Helmholtz’s model [12]. The electric 
double layer capacitor behavior can be identified form the cyclic voltammetry curve displayed 
in figure 2.3.  
 
Carbon-based materials are mainly used for the electric double layer capacitor electrode 
materials because they exhibit a high specific surface area, have a good cycling stability, 
controllable porosity, high maximum power density, and safety. However, the reversible ion 
adsorption limitation at the electrode/electrolyte interface impedes them to have high specific 






















2.1.2.2. Pseudocapacitors  
 
The pseudo-capacitive behavior is generated from certain electro-sorption processes and 
redox reactions at the surface of the electrode active materials. It is commonly the result of 
faradaic reactions, which implicate the diffusion of charges across the double layer [5] due to 
the charge acceptance and the change in voltage [12].   
 
The expression pseudo-capacitive was used to describe the electrochemical behavior of RuO2 
in 1971 and the first PCs were reported [14]. The pseudo-capacitive behavior refers to the 
reversible faradaic reaction which occurs on the surface of active materials during the 
charge/discharge process. Three types of pseudo-capacitive behavior exist and can be 
classified following various faradaic processes. Figure 2.4 displays the schematic diagram 
illustrating the three types of pseudo-capacitive behavior, while figure 2.5 shows a cyclic 
voltammetry curve identifying the pseudo-capacitive behavior.        
 
a) Under potential deposition 
b) Redox pseudocapacitor 
c) Intercalation pseudocapacitor 
 
a) Under potential deposition 
 
Generally, this process includes the adsorption of metal atoms and leads its deposition on the 
surface of a foreign metal, for example on a gold electrode. In the electrolyte, the Pb2+is 
reduced and then a monolayer of lead on the surface of Au electrode is formed, which means 
the metal atoms are adsorbed and deposited on the foreign metal electrode surfaces as 
presented in the following equation [15]: 
 
 






b) Redox pseudocapacitor  
 
Under the redox pseudo-capacitance, a metal oxide can be used as the electrode material. For 
example RuO2, in the vicinity of electrode surface is reduced by the electrolyte ions as shown 
in the following equation [15]: 
 
RuOx(OH)y+δH
++δe-                    RuOx-δ(OH)y+δ   (2.8) 
 
 
c) Intercalation pseudocapacitor 
 
In the intercalation pseudo-capacitance process, the active electrode material is constituted as 
tunnels or layers where the ions will be intercalated to form reversible composites; during the 
charge and the discharge, the ions are released following the below equation [15]: 
 
Nb2O5+Li











Figure 2.5: Cyclic voltammetry of typical PSCs [5]. 
 
 
2.1.2.3. Micro-supercapacitors  
 
The term “micro-supercapacitors” characterizes the miniaturization of supercapacitors 
comprised in the scale range from microns to centimeters [17]. The miniaturization of 
supercapacitors has allowed their integration in the microelectronic components. Thus, the 
micro-supercapacitors displaying stable performances with excellent safety can be used as 
energy storage and power supply units in microelectronic modules. Commonly, the device's 
components should fall within micro scale. 
 
Currently, many asymmetric micro-supercapacitors composed of battery-like faradaic 
electrode and capacitor-like electrodes have also been reported [18].  
 
Moreover, the potential applications of micro-supercapacitors are very common in wireless 
sensor networks, nanorobotics, micro-electromechanical systems, wearable microelectronics 
(e.g., biomedical devices and sensors) and flexible electronics [19–22]. The schematic of the 






Figure 2.6: A) Schematic of the fabrication of ultrathin MnO2/NCAs-based MSCs. 
                         B) Schematic of the fabrication of rGO MSCs directly on a substrate by 
         electrophoresis method [18]. 
 
 
2.1.3. Evaluation of supercapacitor’s performance  
 
The evaluation of supercapacitor’s performance is very important in perfecting the 
technology. Two important parameters can characterize supercapacitors: the energy density 
(E, Wh Kg-1) and the power density (P, W Kg-1) [4]. 
 
 





𝐂𝑽𝟐                                                             (𝟐. 𝟏𝟎)   
where: 
 
 E: the maximum stored energy density (Wh.kg-1); 
 C: the capacitance of the electrode (Fg-1) 















Rs is the equivalent series resistance of the supercapacitors (in Ω). 
 
These two equations above essentially define the performances of supercapacitors. We note in 
these two equations that the energy and the maximum specific power both depend on the 
square of the maximum voltage. This parameter is therefore essential to improve the 
performance of supercapacitors.  
 
The voltage of the cell is limited by the window of electrochemical stability of the electrolyte. 
It is, therefore, necessary to use electrolytes having a field of electro-activity as large as 
possible, to increase both energy and power. Power is the main characteristic of a 
supercapacitor and it is inversely proportional to the equivalent series resistance of the cell. 
The electrical resistivity of the electrode materials used, the contact resistance with the current 
collectors, the ion resistivity of the electrolyte contribute both to the overall resistance of the 
supercapacitor and must, therefore, be reduced to enhance the specific power. 
 
The energy density is a function of the capacity of the materials used. A compromise can be 
found between power density and energy density, because the increase of one parameter 
irremediably causes the decrease of the other and vice versa, so the challenge is to increase 
the energy density without sacrificing power density in any context [24]. 
 
2.1.4. Components of a supercapacitor and their roles  
 
The supercapacitor is composed of two current collectors, an electrolyte, a separator that 
prevents short-circuiting between two working electrodes (see figure 2.7). However, the 
electrolyte and the electrodes are the foremost components of the supercapacitor because of 
their significant roles in the achievement of high rate capabilities. High specific capacitance 
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and a long cycling life belong to an ideal electrode active material, while the high ionic 
conductivity and the improvement of the voltage window are the results of the electrolyte. 
 
 
Figure 2.7: Schematic showing supercapacitor device. 
 
 
2.1.4.1. Current collectors 
 
Current collectors provide electrical contact between the electrode and the active material. 
Their electrical resistivity must, therefore, be as low as possible. Similarly, they should have 
good chemical stability in the electrolyte used, as well as stability electrochemically with the 
applied potentials. They should be mechanically light and resistant to corrosion, in order to 
contribute as little as possible to the overall mass of the device. Aluminum is used as current 
collector in organic electrolytes because it has an immunity range compatible with the range 
of potential studied (about 3 V). However, aluminum is not used in aqueous electrolyte 
because it is not stable (corrosion, passivation, and dissolution by anodization). The resistance 
of contact between the active material and the current collector contributes significantly to the 









Commonly, electrolytes consist of dissolved ions in a liquid solvent. The choice of the 
electrolyte is critical for the performance of the supercapacitor. Indeed, its ionic conductivity 
is closely related to the power, and the electrochemical stability window to the voltage of the 
cell so to energy and power. In addition, so that the adsorption and desorption reactions of the 
electrolyte ions occur so fast and on the entire surface of the electrodes, the electrolyte should 
have total access to porosity. The wettability of the electrolyte on active material must, 
therefore, be the highest possible. The operating temperature is also a parameter that is 
increasingly taken under consideration in current applications. The ionic conductivity is 
determined via the equation (2.6): 
 
σ = FΣiziciui    (2.12) 
where: 
 
 σ: ionic conductivity (S.m-1) 
 F: the Faraday constant (C.mol-1) 
 zi: the charge of the ion i (number of valence, without unit) 
 ci: the concentration of i ions (mol.m-3) 
 ui: the mobility of ions i (m2.V-1.s-1) 
 
The ionic mobility depends on the viscosity of the electrolyte ɳ (in Pa.s), the charge of the 
ions q (in C), as well as their size defined by the hydrodynamic radius of a solvated species, 





                                                               (𝟐. 𝟏𝟑) 
 
The most commonly used electrolytes for supercapacitors are the aqueous, the organic and 
ionic liquids. Their physicochemical properties are illustrated on table 2.1. Moreover, the 
solid-state electrolyte is the recent unveiled electrolytes having good properties for portable 





a) Aqueous electrolytes 
 
The aqueous electrolytes possess fast ion transportation during the process of 
charge/discharge, which is the result of their high ionic conductivity and low resistance. 
However, their voltage window is limited to < 1.2 V caused by the decomposition effect of 
solvent water which disadvantage and limit the power and energy density. The following 
chemicals are widely used in aqueous electrolytes preparation: H2SO4, KOH, KCI, Li2SO4, 
Na2SO4, and NH4Cl [16]. 
 
b) Organic electrolytes 
 
The organic electrolytes provide excellent properties as compared to their aqueous 
electrolytes counterpart, having a large voltage window up to 3.5 V which can strongly 
contribute to the improvement of the performance of supercapacitors. However, their main 
disadvantage is that their voltage window can significantly be reduced caused by the 
absorption of water, owing to their weakness in the event of moisture. The chemicals 
commonly used to prepare organic electrolytes include ethy-methylimidazolium bis 
(trifluoromethylsulfonyl) imide (EMIM TESI) and TEABF4, 
tetreethyphoniumtetrafluoroborate (Pet4-BF4) are largely used for supercapacitors [26-31]. 
 
 
c) Ionic liquids and solid-state electrolytes           
 
The chemical stability, the wide range of voltage window (2.0 to 6.0 V), the high thermal and 
the low flammability are the main advantages of ionic liquids electrolytes, making them 
excellent candidates for the fabrication of supercapacitors. However, at certain temperatures, 
the smelting of salts which is present in certain chemical used for those electrolytes such as: 
the imidazolium, aliphatic, pyrrolidinium ammonium salts and cyclic amines included in ionic 
liquids, can impede their applications in supercapacitors planned to be used in some areas that 






Table 2.1: The physicochemical properties of electrolytes [25]. 
 
Nature of electrolyte aqueous Organic Ionic liquids 
Electrochemical stability 
(V) 
≤ 1,2 ≤ 5 3.0 to 6.0 V 
Ionic conductivity 
(mS.cm-1) 
˃400 ≤ 100 ≤ 15 
Temperature (°C) -20 to +50 -40 to +80 -100 to +400 
 
 
In general, supercapacitors using electrolytes in liquid phase require a high cost of packaging 
and after packaging, their size increased. However, their usage for wearable applications is 
avoided because of possible electrolyte leakage. Thus, the solid-state electrolytes are the best 
ever candidates for wearable devices exhibiting excellent properties such as flexibility, high 
safety, small size and low weight [37]. 
 
The solid-state electrolytes are composed of polymers. The widely used are polymer-based 
gel electrolytes. Poly (ethylene oxide) (PEO), Poly (vinyl alcohol) (PVA), Poly (vinylidene 
fluoride) (PVDF), Polyacrylonitrile (PAN), Poly (vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HFP), Poly (methyl methacrylate) (PMMA), Poly (ethylene 
glycol) blending Poly (acrylonitrile) (PAN-b-PEG-b-PAN) and Poly (amine-ester) (PAE) are 
mostly included in the usually used polymers [38-41]. 
 
2.1.4.3. Electrodes materials 
 
The major problem that impedes supercapacitors to be used for practical applications is its 
low energy density. Exploring electrodes interfacial properties with high specific capacitance 
is one of the keys to improving the energy density of supercapacitors. The achievement of that 
goal depends intimately on the active materials used. Therefore, the selection and the 
preparation of the active electrode materials must be done with particular care. 
 
It is necessary to use a non-polarizable electrode, electrically conductive and possessing a 
large specific surface area in order to reach high capacities. The carbon-based materials, the 
conducting polymers, and the metal oxides/hydroxides are the three main types of materials 
used as supercapacitors electrodes active materials. 
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a) Carbon – based materials for supercapacitors 
 
Carbon is a material whose porosity is easy to develop by different existing carbonated 
structures (sp2, sp3 ...). It is the main electrodes active materials used for the EDLC 
supercapacitors. It has also good electronic and stable conductor electrochemically in a wide 
range of potential (~3 V). However, the carbon in different forms has been tested as an 
electrode for supercapacitors [37,42-44], including carbon nanotubes, graphene sheets, carbon 
onions, fibers [45], carbon blacks [46], carbide-derived carbons [47], or activated carbons 
[48]. These are the latter mainly used as active materials in supercapacitors because they have 
a very high specific surface area, electrical conductivity in the order of 50 S.cm-1, good 
thermal stability, excellent corrosion resistance for a moderate cost [49]. 
 
Most of supercapacitors available in the market utilize activated carbon. They are produced 
by the first stage of the carbonization of organic precursors under an inert atmosphere. Natural 
materials (coconut shell, wood, charcoal), or Synthetics (polymers) can be used as precursors. 
After carbonization, activation creates pores in the amorphous carbon structure, creating a 
random network and interconnected porosity and developing a specific surface that can reach 
3000 m2g-1. However, carbon material can also be submitted to further treatment in order to 
adjust its chemical structures and other properties for its suitability in diverse applications [8]. 
 
Carbon-based electrodes of supercapacitors are interesting because they offer high power with 
relatively low costs of active materials. The capacity of activated carbons can be considered in 
this first approach as proportional to their specific surface. A lot of work has been done to 
increase the capacity of the active materials by developing porous carbons with a high 
specific surface area. However, this approach has been shown to have considerable 
limitations. By testing activated carbons of several surfaces, Kötz et al. showed that at values 
above 1500 m2.g-1, the mass capacity does not exceed 100 F.g-1 [49-50]. They attributed this 
limitation to the decrease of the pore wall thickness of carbon with the increase of the specific 
surface area. This tightening of the distance between the pores reduces the screen effect of 
carbon, which increases the repulsive interactions between ions and decreases the attractive 





b) Conducting polymers 
 
The conducting polymers possess high specific capacitance compared to the limited 
capacitance of carbon materials. Conducting polymers are also referred to as "synthetic 
metals" of 1 to 100 S.cm-1 [52]. They are constituted of the succession of saturated and 
unsaturated bonds between the hybridized carbon atoms sp2, which gives them a planar 
configuration. This configuration is necessary for good electrical conductivity; it promotes the 
recovery of carbon orbitals, which leads to the hybridization of π type. The strong conjugation 
of the orbitals is responsible for the electrical conductivity. The introductions of charges in 
the polymer provoke faradaic reactions and a continuous variation of the potential; that is the 
reason why those materials are defined as pseudo-capacitive. When a conductive polymer is 
used as an electrode, the electrochemical reaction involved the doping/dedoping of the 
polymer depending on electrons injection or snatching. Thus, when the polymer is doped, the 
ions of the electrolyte are inserted into the polymer chain in order to keep the local 
electroneutrality. The terms "N doping " and "P doping " are then used to describe the 
reduction and oxidation reactions respectively, according to the reactions below [25]: 
 
                         N doping 
                      Polymer(o)+e(-)+cation(+)                                      polymer(-)cation(+)                       (2.14) 
      N de-doping 
 
 
                                                                 P doping 
                            Polymer(o)+anion(-)                               polymer(+)anion(-)+e(-)                           (2.15) 
      P de-doping 
 
Most conducting polymers involve p-doping, which is easier to obtain than n-doping, 
sensitive to the oxidation in the ambient air, which decreases its life. In addition, the 
conductivity of conducting polymers doped n is generally lower, which increases the 
resistance of the electrode and decreases the capacitance. Moreover, the coulombic 
reversibility of conducting polymers is low, and attributed to a phenomenon of charge-
trapping, responsible for the partial trapping of ions in the entanglement of polymer chains, 
preventing their extraction. Typically, supercapacitors based on conducting polymers suffer a 
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loss of more than 10% of their capacity after 1000 cycles. Thus, these materials are currently 
neglected for this type of application. Furthermore, the insulating properties of dedoped 
polymers and the low operating voltage limit the power density of these supercapacitors [44]. 
Table 2.2 compares electrochemical properties of main types of conducting polymers. 
 
 
Table 2.2: Electrochemical properties of certain conducting polymers [25]. 
 
Conducting polymers Conductivity 
(S.cm-1) 
Type of dopage Capacitance (F.g-1) 
Polypyrrole(Ppy) 10 - 50 p 240 
Polyaniline (PANI) 0,1 - 5 p 530 












c) Metal oxides/hydroxides 
 
Metal oxides/hydroxides show excellent charge storage abilities, good cycling stability than 
conducting polymers and high specific capacitance relative to carbon materials. 
Supercapacitors using metal oxides/hydroxides as electrode materials present simultaneously 
good energy density and high power ability [44]. 
 
Metal oxides/hydroxides are widely studied in the field of energy storage with a focus on 
supercapacitors, because of abundance of metal based materials and a large number of 
compounds that can be synthesized. It should be noted that various electrochemical 
characteristics also depend on it. However, most of those metal oxides/hydroxides exhibit 
pseudo-capacitive behavior. Among those materials, ruthenium oxide and manganese oxide 
are the most studied because of the capabilities of several hundred farads over a wide 
potential window that can be reached at high sweeping speeds. It is worth mentioning that the 




 Ruthenium oxide (RuO2) 
 
Ruthenium oxide with 700 F g-1 was the first report on metal oxide as electrodes materials for 
supercapacitors [38]. The enhancement of the ruthenium oxide theoretical maximum 
capacitance (1450 Fg-1 with a voltage window of 1 V) is the result of the presence of 
structural water. Ruthenium oxide as an electrode materials exhibit a high proton 
conductivity, good thermal stability, and high cycling stability. Nevertheless, its usage is 
limited for a large range of applications because of the rarity (in the earth crust) and the 
expensive cost of the material [16]. 
 
 
 Manganese oxide (MnO2) 
 
Manganese Oxides (MnO2) exhibits promising properties as compared to RuO2, such as its 
low cost, it is abundant in the earth crust and environmentally friendly [53-55]. The charge 
storage mechanism of MnO2 is shown in equation 2.14 [54]. 
 
                                       MnO2 + C
++e-          C+MnO-2            (2.16) 
where:   
 
 C+   : is the electrolyte cations or protons 
 MnO2   : is the storages charges by a redox reaction (oxidation states of 
                                     Mn: +4 and +3). 
 
However, the improvement of the capacitive performance of MnO2 by the understanding of 
the charge storage mechanism is still remaining a hot research topic [56-57]. 
 
MnO2 exhibit a theoretical capacitance of 1233 Fg
-1 with a potential window of 0.9 V, 
meanwhile, despite tremendous efforts made in order to increase the charge capability of 
MnO2, the capacitive performance of MnO2 remained not satisfactory because of its poor 




Considering the unsatisfactory performance of MnO2, several other materials have been also 
studied and confirmed to be promising pseudo-capacitor electrode materials; such as Mn3O4 
[62], Fe3O4 [63], V2O3 [64], SnO2 [65], CuO [66], Cu2O [67], MoO3 [68], MoS2 [69], Nb2O3 
[70], Na3Ti3O2 [71], WO2 [72], Bi3O [73]. 
 
However, despite materials cited above, Nickel and Cobalt based materials have been 
reported as excellent electrode material candidates for supercapacitors due to their high 
theoretical capacitance, best chemical stability, low toxicity and low cost [74]. The first 
specific capacitance of 50 to 64 F.g-1 had been obtained with NiO/Ni composite film in the 
1990s, while the capacitance obtained with Cobalt was 291 F.g-1 [75,76]. Since then diverse 
Nickel and Cobalt based materials have been developed. Most of them have exhibited the best 
capacitive performances for supercapacitor applications.  
 
Presently, Nickel and Cobalt based materials containing oxides [77-80], hydroxides [81-83], 
sulphides [85-86], selenides [87-89], phosphide [90-92], phosphates [93-95] and layered 
double hydroxides (LDH) [96] are used as pseudo-capacitive materials for supercapacitors. 
 
Among them, Nickel-Cobalt LDH materials are gaining tremendous momentum and 
becoming the center of attention of a large number of studies due to their high surface area 
and rapid intercalation/de-intercalation of charge ions amidst of the layered structure [16]. 
 
 
2.2. Layered Double Hydroxides for supercapacitors applications 
 
LDH is a class of ionic lamellar compounds, also known as anionic clays (see Figure 2.8). To 
date, they become the center of a massive research interest because of their excellent 
properties, such as facile synthesis, unique structure (see Figure 2.9), unvarying dispersion of 
different metal cations in the brucite layer, good chemical stability and easy tenability through 
the intercalation of numerous varieties of anions (inorganic, organic, biomolecules, and even 
genes) [97]. 
 
The most interest part of LDH among other layered materials is the feasibility to obtain the 









Figure 2.9: XRD patterns showing the crystalline structures of (a) NiCo-LDH  






2.2.1. Description of Layered Double Hydroxides structure 
 
The LDH structure is settled on M(OH)6 octahedral units sharing their borders to form 
M(OH)2 brucite-like layers. These octahedral units comprise the divalent and the trivalent 
metallic cations. Moreover, the principal layers are charged positively and the charge density 
is directly related to the arithmetical values of the trivalent metal ratio x = MIII/(MII + MIII) 
[98]. 
 
Nevertheless, the entire structure is composed by the stacking of such layers, intercalating 
charge-balancing anionic species, and water molecules (see figure 2.10). The general LDH 
chemical formula can be reduced as [MII-MIII-X] [98]. 
 
To date, several authors have demonstrated that during the faradaic redox charge transfer, the 
surface of a LDH is not the only part that participates; they have stated that the entire 
crystalline structure is also involved in the charge storage mechanism via intercalation/de-








2.2.1.1. Metal cations in the layers 
 
Most of the divalent and trivalent metal cations discovered in LDH are the property of the 
third and fourth periods of the periodic classification of the elements [98]. 
 
 Divalent cations : Mg, Mn, Fe, Co, Ni, Cu, Zn. 
 Trivalent cations : Al, Mn, Fe, Co, Ni, Cr, Ga. 
 
 Trivalent metal ratio 
 
Generally, several layered double hydroxides systems can fit a large range of trivalent ratios. 
However, it is not studied and reported because of the variation that occurs from 0 to 1 
without involving any change within the main structural configuration. Layered double 
hydroxides display a high charge density on the main layers. This can be explained by the 
example below [98]: 
 
[a x = 1/3 trivalent metal ratio corresponds to one charge for 50 Å2on each side of the layer, 
leading to one charge for 25 Å2 in the interlamellar domains [98].] 
 
 Interlamellar domains 
 
LDH interlamellar domains comprise anions, water molecules and most of the times some 
neutral or charged moieties. Generally, there is no huge number of bonding which takes place 
between these interlamellar ions or molecules and the host structure [98]. Because several 
anionic species can be introduced between the layers, especially when the lamellar structure 
undergoes its formation by anionic exchange among others [98]. 
 
The following anions can be located between the layers: 
 
 Halides: fluoride, chloride, … 
 Oxo-anions: carbonate, nitrate, sulphate, bromated,… 
 Oxo and polyoxo-metallates: chromate, dichromate, (Mo7O24)6-, (V10O28)6-,… 
 Anionic complexes: ferro and ferricyanide, (PdCl4)2-, … 
 Organic anions: carboxylates, phosphonates, alkyl sulphates,… 
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However, it should be noted that there is a close correlation between the size, charge, and 
layout of these interlamellar species because they can lead to the modification of the basal 
spacings of the layers (see figure 2.11). That is the reason a stringent selection should be 
done, either an inorganic or an organic species [98]. 
 
 In LDH, large distance between the brucite and the smallest basal spacings is an 
indication of intercalation of an interlamellar monolayer, 
 The small gap for some types of small anions such as hydroxyl, fluoride, carbonate, 
chloride, corresponds to a “leveling” which is the effect of water molecules. 
 
In addition, in the case of inorganic anions intercalation LDH, the basal spacings are lower 
than 15 Å, while for organic anions the gap is larger than 15 Å [98].  
 
Recently, Yinyin Lin et al., have synthesized NiCo-LDH nanosheets by introducing sodium 
dodecylbenzene sulfonate (NiCo-SDBS-LDH) within the interlayer region of LDH, resulting 
in a remarkable specific capacitance of 1094 Fg-1 at 5 A g-1 and a super long cycle life with 













 Contribution of water within the LDH structure 
 
There are a number of sites where water related molecules can be hosted in LDH. The 
presence of water within LDH can be characterized using infrared spectra analysis. The LDH 
water bending is between the region from 1500 to 1700 cm-1, followed by O-H stretching 
vibrations in the region of 3000-4000 cm-1 [98]. 
 
Various forms of water related molecules in LDH: 
 
 Water between the interlayer of the hydroxide layers, 
 Adsorbed water on the outer surface, 
 Free water between the particles. 
 
Previous studies have demonstrated that the presence of water within LDH is highly 
beneficial for their electrochemical performances. V. Rives reported that when in the brucite, 
a portion of MII+ is replaced; the anions located in the interlayer region together with water 
molecules balance the positive charge of the layer [103]. Consequently, it was also reported 
that the incorporation of anions in the interlayer region is always along with the molecules of 
water for the restoration of charge neutrality and stability [104]. Moreover, it has been 
demonstrated that according to the mechanism of anion exchange reactions of LDH, the 
interlayer interactions of LDH can also be mediated by the hydrogen bonding between the 
hydroxyl groups of the layer with the anions and the molecules of water within interlayer 
[105]. In the same direction, Richetta et al., reported that the presence of water in LDH 
structure, no matter their types, whether crystallite water or water adsorbed contributes greatly 
to the spectacular characteristics of layered double hydroxides [106]. Finally, Teng Wang et 
al., reported that the hydrophilic nature of LDH is highly advantageous in improving the ionic 
diffusion in aqueous solution electrolyte [99]. 
 
In 1915, Manasse E professor of mineralogy at the University of Florence (Italy) reported for 
the first time the hydrotalcite stoichiometry of LDH [Mg6Al2(OH)16](CO3)·4(H2O)] [107]. 
Thus, hydrotalcite was given as a name referring to its hydrophilic nature and its similarity to 
talc (talcite). Then later in 1968, Allmann demonstrated the structure and the properties of 
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LDH through XRD, following by Taylor in 1969 [108,109], it was confirmed that most of 
LDH have the same structure than the mineral hydrotalcite (HT). 
 
To date, numerous LDH composites have been reported. Afriyanti Sumboja et al. reported on 
efficient electrocatalysts made by NiMn layered double hydroxides for the oxygen evolution 
reaction and their application in rechargeable Zn–air batteries [110]. On the other hand, Feifei 
Wang et al., reported on a novel CoNiFe-LDH/CNFs-0.5 composite exhibiting 114.2 m2g−1 
and 1203 Fg−1 at 1 Ag−1 as specific surface area and specific capacitance, respectively [111]. 
 
Beyond energy storage, the outstanding physicochemical properties of LDH have been world 




Figure 2.12: Different applications of LDH. 
 
 
2.2.2. Different synthesis method of LDHs 
 
A number of studies devoted to the preparation of LDH have been discussed in the recent past 
years. He et al., [112], Khan and O'Hare [113] and Rives [98], have reported about many 
facile as well as expensive preparation procedures of LDH for diverse applications. However, 
in this section, the attention will be given to two of them: the co-precipitation method (direct 





























2.2.2.1. Co-precipitation method  
 
The co-precipitation method is the most usually applied technique for direct synthesis of LDH 
with various divalent and trivalent cations and different anions. It can also be applied for 
large-scale fabrication of materials. The inorganic anions, such as Cl−, NO3
−, and CO3
2–, the 
organic molecules and large biomolecules can be intercalated [114,115]. The goal with the co-
precipitation method is the slow addition of a solution having targeted anions, which must be 
intercalated into the solution of divalent and trivalent metal cations present into a container, 
respecting an appropriate ratio. It is desired that the pH be increased during the operation by 
adding a base or urea for hydrolysis that contributes to the precipitation of the LDH as 
displayed on figure 2.13. The above presented mechanism is totally based on the 
condensation of hexa-aqua metal complexes in solution, allowing the brucite-like layers to be 
formed with a uniform distribution of metallic cation with solvated interlamellar anions [116]. 
It is important to mention that several types of LDH and their composites have been 
synthesized via co-precipitation method for various purposes. 
 
Finally, in recently hot identified research Shao et al., reported on Zn-Ti LDH exhibiting high 
crystallinity and significant photocatalytic activity [117]. Also, R. Li et al. synthesized 
through the co-precipitation method a Large Scale Ni50Co50-LDH supercapacitor electrode 










2.2.2.2. Anion-exchange method  
 
Anion-exchange, also known as an indirect method is a frequently used synthesis method of 
LDHs composites. It is a practical route for the intercalation of a number of various types of 
anions [114,118-119]. In the later of their formation, by stirring the LDH precursor, the 
anions present in the interlayer region will be exchanged for intercalation with the desired 
anions in a solution with an excess anion [120].  
 
The host-guest exchange is usually linked to the electrostatic forces based between the 
positive charged LDH layers and the exchanging anions [121]. Nevertheless, as the 
electrostatic interaction with the layers is weak, the anions present in the interlayer can be 
easily replaced by those which possess high electrostatic interaction with layers [97]. Figure 
2.14 displayed the schematic representation of the ion-exchange method. Two possible routes 
can be used to intercalate targeted anions, as shown in the following equations [97]: 
 
 
                              LDH·Xm− + Yn− → LDH·(Yn−)m/n+ X 
m-            (2.17)  
 
                              LDH·Xm−Yn− + mH+ →LDH·(Yn−) m/n + HmX            (2.18)  
 
 
The anion-exchange reactions of LDH are usually associated with the following main 
features: 
 
1. The anion-exchange process might be favored by the appropriate solvent. 
2. The chemical composition of the brucite type layers determines the process. 
3. Anion-exchange process will be optimal at high temperatures. 
4. It must be noted that under the working pH lower than 4.0 the hydroxyl layers will be 
broken, that is why it is preferable to keep the working pH at 4.0 or above 4.0. 
 
Das and Parida, reported that it is challenging to synthesize the hybrid LDH composites using 
the co-precipitation method and confirm that anion-exchange method presented many 
advantages and has been adopted as an excellent route over the traditional co-precipitation 
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[125]. Thus, various types of LDH composites have been synthesized using the anion-
exchange method in order to get satisfactorily materials properties out of the LDH precursor. 
 
More importantly, it should be pointed out that the unique role that each method plays is clear 
in their region of dominance. While the anion-exchange method is excellent for large-sized 
anions, the co-precipitation method remains a critical choice because during the co-
precipitation process several synthesis parameters can be controlled independently such as the 
temperature, the reaction medium pH, the metallic salts condition, the concentration of alkali 
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The experimental procedure used in this study to synthesize and characterize NiCo-LDH is 
presented and discussed in this chapter. Also, the electrochemical test to evaluate the 
properties of NiCo-LDH for supercapacitor applications is presented in detail. 
 
3.1.1. Sample preparation 
 
The co-precipitation method is one of the most usually applied techniques for direct synthesis 
of layered double hydroxides (LDH) as discussed above in detail in chapter 2. It is entirely 
based on the condensation of hexa-aqua metal complexes in solution, allowing the brucite-
like layers to be formed with a uniform distribution of metallic cation with solvated 
interlamellar anions. Moreover, it can also be applied for large-scale synthesis of materials [1-
3]. 
 
Herein, the NiCo-LDH was prepared via co-precipitation method. All chemicals were used as 
delivered by Sigma-Aldrich and no further purification was conducted. 10.016 mM of 
Ni(NO3)2•6H2O and 20.006 mM of Co(NO3)2•6H2O were dispersed into a solution containing 
a mixture of 152 ml of (CH2OH)2 and 60 ml of deionized water under vigorous stirring for 
about 8 minutes at room temperature. Thereafter, 148.004 mM of Urea was added into the 
main solution and kept under vigorous stirring for a further 12 minutes. The obtained solution 
was finally heated for 3 hours at 90°C until the precipitates were formed. The obtained 
precipitates were filtered using a filter paper having an appropriate pore dimension and 
washed in a mixture of deionized water and ethanol several times and finally dried at 80°C 
overnight. The as-obtained product was named NiCo-LDH@80°C having (Ni:Co=1/2) as an 
atomic ratio. Figure 3.1 displays a schematic diagram showing the synthesis of NiCo-
LDH@80°C. 
 






Figure 3.1: Schematic diagram showing thesynthesisof NiCo-LDH@80°C. 
 
3.2. Characterization techniques 
 
3.2.1. X-rays Diffraction (XRD) 
 
The X-rays Diffraction (XRD) is an effective analytical technique that preserves material 
properties integrity during the measurements. It is used to characterize the structural 
fingerprint of a solid-state material to identify phase formation from the diffraction patterns 
analysis [4]. 
 
The aligned beam of x-rays irradiates the compound under study to generate diffraction 
patterns as a function of the diffraction angle. Thus, Bragg's law can be used to elucidate the 
interference pattern of X-rays dispersed by crystals. Equation 3.1 represents the 
mathematical fundamental description of the XRD process. The intensity of the diffracted x-
rays is calculated as a function of a diffraction angle (2θ) and the representative orientation. 
Figure 3.2 displayed the schematic principle of XRD through Bragg's law. 
 
In this study, the structural analysis was carried out using the Rigaku Smartlab X-ray 
diffractometer having CuKα (λ= 1.5418Å) radiation. 
 
 





 n : is diffraction series 
 θ  : is diffraction angle,  
 λ  : is the wavelength of X-ray,  
 d : is interplanar distance. However, d is the lattice constant, in  




Figure 3.2: Principle of XRD based on bragg’s law [5]. 
 
 
3.2.2. Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) is a powerful electron microscope instrument that 
provides images of material by scanning its surface. In principle, an electron column 
generates a beam of incident electrons that strike the targeted sample. A given electron will 
interact with atoms in the material, generating several signals containing information related 
to the precise description of the surface morphology of the material. The thermal emission 
source (heated tungsten filament) or the field emission cathode is the commonly used sources 
that produce electrons. The electrons are focused into a small beam through a group of 
electromagnetic lenses in the SEM column. Depending on the study’s objectives, the energy 




In this research, the SEM images were captured using the JEOL JSM-7800F FE-SEM. The 
elemental composition was captured using the energy-dispersive x-ray spectroscopy (EDS) 




Figure 3.3: Schematic diagram of the SEM [7]. 
 
 
3.2.3. Fourier-Transform Infrared Spectroscopy 
 
The Fourier-Transform Infrared spectroscopy (FTIR) is a non-destructive analytical technique 
used for the identification of functional groups present in a sample. The goal is to expose a 
sample to infrared radiations (IR) to obtain a transmittance spectrum when a part of IR passes 
through the sample. The absorbance spectrum is derived from part of absorbed IR 
[8].Moreover, the FTIR is a useful technique especially in the study of LDH, because it has 
the ability to deliver the identity related to the interlayer ions present in the LDH materials 







3.2.4. X-ray Photoelectron Spectroscopy  
 
The X-ray photoelectron spectroscopy (XPS) is a remarkably puissant and useful surface 
technique that provides information related to the chemical states on the surface of a given 
material. In principle, the photoelectric effect which describes the foundation of the XPS 
technique has been described by Einstein in 1905, where the photon concept was used to 
explain how electrons were ejected from the surface when photons collide onto it [5]. Thus, 
the monochromatized X-rays investigate the sample by ejecting a photoelectron from an 
atom’s K level under a vacuum. The photo-emitted electrons' energy is related to the chemical 
state of the elements present within the sample. Finally, photoelectrons are recorded and 
examined to generate a spectrum that indicates the binding energy of each element present on 
the surface of the sample [5]. 
 
In this study, XPS measurements were performed using a KRATOS-SUPRA spectrometer 












3.3. Electrochemical Analysis 
 
In this study, the electrochemical tests were carried out using an AUTOLAB PGSTAT302N 
electrochemical station with NOVA 2.1 software. 
 
The measurements were performed using a three-electrode configuration, consisting of glassy 
carbon as a working electrode, platinum wire, and Ag/AgCl (3 M KCl-filled), as counter and 
reference electrodes respectively. The sodium sulfate and potassium hydroxides were used as 
electrolytes with a concentration of 1.0 M. Finally, cyclic voltammetry and electrochemical 

















3.3.1. Electrode preparation 
 
The glassy carbon GC50 with a disk diameter of 5 mm was used as a working electrode. The 
active area of glassy carbon was cleaned by polishing it using alumina powder and emery 
paper until it looked like a mirror. The alumina fine powder and emery paper were used for 
that purpose. Finally, it was washed with deionized water and acetone [10]. The slurry was 
prepared by dispersing a mixture of active material (NiCo-LDH@80°C), carbon black and 
polyvinylidene fluoride (PVDF) with a weight ratio of (80:10:10) in N-methyl pyrrolidone 
(NMP). Thereafter, the mixture was sonicated for 10 min and 100 μL of the obtained slurry 




Figure 3.6: Working electrode used in this study. 
 
3.3.2. Cyclic Voltammetry 
 
Cyclic voltammetry (CV) is the most useful electrochemical technique which is able to 
provide the kinetics and thermodynamics information related to the redox reactions within a 
system. Moreover, it also enables to investigate thoroughly diverse analyte characteristics, for 
example: the diffusion, the number of electrons carried over in charge transfer reaction and 




During the cyclic voltammetry (CV) test, the potential is applied and the current is measured. 
Therefore, the CV curve represents a function of the measured current versus the applied 





Figure 3.7: (A) Typical cyclic voltammograms of redox, (B) Cyclic voltammograms of 
double layer materials [13]. 
 
Previous studies have demonstrated that the charge storage capacity and the specific 
capacitance of a supercapacitor electrode could be calculated using the cyclic voltammetric 




(potential window X active material mass loading)
                           (𝟑. 𝟐) 
 
 
Wei Chen et al. [14], have made further clarification by reporting that in case where the shape 
of cyclic voltammetric (CV) curves are not the ideal mirror-symmetry, which means the 
anodic voltammetric charges (qa) and cathodic voltammetric charges (qc) are not comparable, 
the total voltammetric charges can be calculated by integrating the positive and negative 
sweep in cyclic voltammograms.Thus, equation 3.3 can now be applied to calculate the 


















  : is the total voltammetric charges which is the result of the 
                                       integration of positive and negative sweep in cyclic 
                                       voltammograms.  
 (E2-E1)  : is the potential window (V),  
 m   : is the mass of electrode after deposition of slurry (gr), 
 V   : is the potential scan rate (V/s). 
 
 
3.3.3. Electrochemical Impedance Spectroscopy 
 
The electrochemical impedance spectroscopy (EIS) is a critical investigation technique used 
to investigate the electrochemical phenomenon at the electrode-electrolyte interface. The EIS 
data collection consists of the application of a sinusoidal potential by a small amplitude in a 
wide range of frequencies from 100 kHz to a few MHz to a regular state. Equation 3.4 
analytically describes the EIS principle [13,20].  
 
𝑬 = 𝐸0 + 𝛥𝐸𝑠𝑖(𝜔𝑡)                                                       (𝟑. 𝟒) 
 
 
The current response to the applied potential which is a sinusoidal current with a shifted angle 
of phase φ is described by equation 3.5. 
 
 








 E  : is the potential (V),  
 E0  : is the initial regular state potential (V),  
 ΔE  : is the amplitude of the signal (V),  
 ω  : is the pulsation (rad.s-1),  
 t  : is the time (s),  
 I  : is the current (A),  
 I0  : is the regular state current (A),  
 ΔI  : is the amplitude of the current response (A),  
 φ  : is the phase shift. 
 
In order to simplify the mathematical calculations during the electrochemical impedance 
spectroscopy measurements, the potential and current are most often written using complex 
numbers as presented below (see Equations 3.6 and 3.7) [13]. 
 
 
ΔE = Δ𝐄𝒎𝒂𝒙 e(ωt)                                                         (𝟑. 𝟔) 
 
 
ΔI = Δ𝐈𝒎𝒂𝒙e(ωt + φ)                                                        (𝟑. 𝟕) 
 
The complex impedance is determined by the ratio between the complex potential and 
complex current [16]. 
 






e –j  φ                                                                   (3.8) 
 















 Re(Z) : is the real part of the impedance 
 Im(Z)  : is the imaginary part of the impedance. 
 
Generally, the Electrochemical impedance spectroscopy (EIS) data is presented by a curve of 





Figure 3.8: EIS Nyquist plot of NiCo-LDH [21]. 
 
In this study, the EIS measurements were performed with an AC amplitude of 5 mV in the 
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Supercapacitor technologies are gaining tremendous momentum and becoming the center of 
attention of a large number of studies due to their superior capabilities, such as environmental 
friendliness, high efficiency, fast charge-discharge rates, high power density, safe operation, 
good cycling stability and lower maintenance cost [1-4]. It is important to note that their 
remarkable properties make supercapacitors key candidates for several applications which 
require high power density, long cycle life and excellent reversibility such as mobile 
communications, portable electronics, memory backup systems, hybrid electric vehicles, and 
military devices and where high power density is highly desired [5-10]. However, the major 
challenge is its low energy density [11]. The performances of supercapacitors are strongly 
dependent on the intrinsic fundamental physicochemical properties of electrode materials that 
they are made of [12]. Therefore, exploring electrodes interfacial properties to achieve high 
specific capacitance is one of the key tasks in order to successfully improve the energy 
density of supercapacitors. 
 
In the recent past, a number of scholars have undertaken studies that demonstrated carbon-
based materials as the most efficient material used for electric double layer supercapacitor 
electrodes because they exhibit high specific surface area, have good cycling stability, 
controllable porosity, high maximum power density and good safety [13,14]. On the other 
hand, the reversible ion adsorption limitation at the electrode/electrolyte interface hinders the 
attainment of high specific capacitance. Thus, the pseudo-capacitive materials can facilitate 
the achievement of that goal including good rate capability because their charge mechanism 
occurs through superficial faradic reactions. 
 
 
Chapter 4. Physico-chemical Properties  
                         of NiCo-LDH 
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To date, various pseudo-capacitive materials have been used as supercapacitor electrodes, 
such as metal oxide/metal hydroxide [15–22], and layered double hydroxides [23-25]. 
 
Consecutively, several studies reported on LDH as a promising supercapacitor electrode 
material because of their high specific capacitance, low-cost and facile synthesis procedure. 
They effectively allow the use of transition metal atoms to achieve unique structural property 
[27,28]. Thus, various LDHs have been successfully developed and studied for supercapacitor 
applications [26, 29-30]. 
 
Interestingly, most LDH studies have been focusing mainly on morphology control and the 
enhancement of surface area [31-33]. But very few studies were devoted to large scale 
synthesis of layered double hydroxides (LDH) [26]. Herein, we demonstrate a facile 
methodology to synthesize NiCo-LDH with the potential to be up-scaled for supercapacitor 
electrodes fabrication. 
 
4.2. Experimental section 
 
4.2.1. Preparation of NiCo-LDH@80°C 
 
The sample was prepared via co-precipitation method as demonstrated in chapter 3. All 
chemicals were purchased from Sigma-Aldrich and used as received. The final product was 
named NiCo-LDH@80°C having (Ni:Co=1/2) as an atomic ratio.   
 
4.2.2. Characterization techniques 
 
The structural analysis of NiCo-LDH@80°C was carried out by a Rigaku Smartlab X-ray 
diffractometer having CuKα (λ= 1.5418Å) radiation. The FT-IR spectrum was recorded using 
the IR Tracer-100-SHIMADZU. Morphology composition was investigated using the JEOL 
JSM-7800F FE-SEM. The elemental composition was captured using the energy-dispersive x-
ray spectroscopy (EDS) from thermos Fisher scientific, which was coupled to the SEM. X-ray 
photoelectron spectroscopy (XPS) measurements were performed by a KRATOS-SUPRA 




4.2.3. Electrochemical characterization  
 
4.2.3.1. Electrode preparation 
 
The slurry was prepared by dispersing the active material (NiCo-LDH@80°C), carbon black 
and polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP) in the weight ratio of 
(80 : 10 : 10). A glassy carbon GC50 with a disk diameter of 5 mm was used as a working 
electrode. 
 
4.2.3.2. Electrochemical test 
 
The electrochemical measurements were performed using an AUTOLAB PGSTAT302N 
electrochemical station controlled by NOVA 2.1 software. 
 
The cyclic voltammetric tests were carried out using a three-electrode system. The 
measurement setup consists of glassy carbon, platinum wire and Ag/AgCl (3 M KCl-filled) 
used as a working electrode, counter and reference electrodes respectively. 
 
In the current study, two types of aqueous electrolytes were used to evaluate the 
electrochemical behavior of NiCo-LDH@80°C. The used electrolytes were 1M Na2SO4 and 1 
M KOH. The CV curves were collected in a voltage range from - 0.2 to 0.6 V at various 
voltage sweep 5, 10, 20, 30, 50, 75 and 100 mV/s. In addition, galvanostatic charge-discharge 
(GCD) were measured in 1M Na2SO4. While, the electrochemical impedance spectroscopy 
(EIS) measurements were performed with an AC amplitude of 5 mV in the frequency range of 











4.3. Results and discussion  
 
4.3.1. Structural properties 
 
The particular property that makes LDH to be a promising electrode for energy storage is its 
unique crystalline structure. Previous studies have demonstrated that during the faradaic redox 
charge transfer, the surface of LDH in conjunction with its entire crystalline structure is 
involved in the charge storage mechanism via intercalation/de-intercalation of electrolyte ions 
favoring the remarkable energy storage properties [31, 34-35]. 
 
Figure 4.1shows the diffraction peaks centered at 12.28°, 24.67°, 33°, 36.41°, and 59°.All 
diffraction peaks are indexed to the standard card (JCPDS no. 14-0191), and corresponded 
with the (003), (006), (009), (012) and (110) plane of hydrotalcite- structure [35, 40-42].  
 
Moreover, the calculation related to the interlayer spacing was conducted and proved the 
spacing between nanosheets of the as-obtained LDH to be 0.771 nm (d003) demonstrating the 
presence of carbonate ions and water molecules filling the interlayer spaces [44].  
 
Moreover, the crystallinity of the as-synthesized sample as demonstrated via XRD patterns 






Figure 4.1: XRD pattern of NiCo-LDH@80°C. 
 
4.3.2. Fourier Transform Infra-Red Spectroscopy 
 
Recently, Teng Wang et al., reported that the hydrophilic nature of layered double hydroxides 
(LDH) is highly advantageous, especially during the diffusion of ions in aqueous solution 
electrolyte [35]. Thus, Richetta et al., confirms that the presence of water within layered 
double hydroxides structure, no matter their types, either crystallite water or water adsorbed, 
they both contribute greatly to the excellent characteristics of layered double hydroxides [43].  
 
Figure 4.2 displays the IR spectrum for NiCo-LDH@80°Cshowing a broad peak around 3635 
cm−1 which was assigned to O-H stretching vibrations and ascribed to the water molecule and 
OH groups at the brucite-like layer and interlayer, followed by the peak at 1500 cm-1 [44-46]. 
Moreover, the peak at 1388 cm-1can be assigned to the vibration stretching of interlayer 
carbonate anions retained in the interlayer of LDH [30, 35]. On the other hand, the peak at 
638 cm−1 was ascribed to metal-oxygen (M-O) stretching and bending vibrations in the 
brucite-like lattice, confirming the existence of Nickel and Cobalt in the composites [30]. In 
addition, a peak located at 2241 cm−1 was assigned to the stretching vibrations of C≡N. 

























Figure 4.2: FT-IR spectrum of NiCo-LDH@80°C. 
 
 
4.3.3. Surface morphology 
 
The morphology of NiCo-LDH@80°C was analyzed using SEM. Figure 4.3 (A) exhibits a 
good arrangement of nanosheets linked to each other and presenting a structure like flowers. 
Moreover, figure 4.3 (B) depicts the EDS spectrum of NiCo-LDH@80°C sample which 
revealed the presence of all expected chemical elements among which, Nickel, Cobalt, and 
Oxygen without any form of impurities revealing the integrity of sample synthesis and 
handling. More interestingly, the distribution of all elements was relatively homogenous as 
revealed in figure 4.3 (C). However, the detected carbon was due to the carbon tape resulting 
from the SEM sample preparation process. Finally, it was found that the atomic ratio (Ni:Co = 
1:2) was strictly in accordance with the initial weights (see figure 4.3 (B)/ Map Sum 
Spectrum). 
 







































Figure 4.3: (A) FE-SEM micrograph and (B) EDS spectrum. (C) FE-SEM image of the area 
used to conduct EDS mappings and corresponding elemental mapping of O, Ni, Co. 
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 Map Sum Spectrum
(Wt .%) (Atom %)
O: 26.0 23.1
Co : 7.6 1.8




4.3.4. X-ray Photoelectron Spectroscopy  
 
In order to further unveil the surface chemical composition and elemental valence states of 
NiCo-LDH@80°C, X-ray Photoelectron Spectroscopy was conducted. It was found on the 
XPS survey scan the coexistence of all expected elements which were Nickel, Cobalt, and 
Oxygen (see figure 4.4 (A)). The XPS results are in accordance with the former EDS results 
presented and discussed above. Moreover, a remarkable N 1s core-level has been depicted as 
shown in figure 4.4 (A) and assigned to the remaining amount of nitrate precursors on the 
surface of NiCo-LDH@80°C. Finally, the C 1s core-level displayed on the XPS survey scan 
is ascribed to the C=C group originated from the presence of the carbonate ions in the LDH 
layers in accordance with the former FTIR results discussed above [35]. 
 
On the other hand, high-resolution XPS spectra were collected to get more insight into the 
valence states of elements on the surface. High-resolution spectra of NiCo-LDH@80°C 
revealed that both Ni 2p and Co 2p were split into doublets due to spin-orbit splitting. Figure 
4.4 (B) presents Ni 2p core-level which appeared as a doublet showing a lower binding 
energy component Ni 2p3/2at about 853 eV and a well-defined satellite peak 858 eV. The 
main peak was ascribed to metallic Ni which corresponds to Ni2+ due to the surface oxidation 
confirming that Ni2+ was present in the hydroxide material. Consecutively, the Peak at 870 eV 
and 876 eV were assigned to Ni2p1/2 and satellite, respectively [47, 48]. On the other hand, 
figure 4.4 (C) presents the Co2p core-level spectrum of NiCo-LDH@80°C. As previously 
described for Ni 2p,Co 2p appeared as doublet Co 2p1/2 and 2p3/2, respectively located at 
794 eV, 779 eV. Both peaks were associated with their respective satellite peaks [49]. Finally, 
figure 4.4 (D) displayed O1s core-level spectrum of NiCo-LDH@80. We applied a Gaussian 
deconvolution which revealed that the O 1s was the summation of two components at 528.38 



































































Figure 4.4: XPS spectra for NiCo-LDH@80°C:(A) Survey scan spectrum.(B) Ni2p, (C) Co2p 
and (D) O1s core levels. 
 
 







































4.3.5. Cyclic voltammetry 
 
The cyclic voltammetry (CV) measurements were performed using a three-electrode system at 
various scan rates (from 5 mV/s to 100mV/s).  
 
Figure 4.5 (A) shows practically symmetrical rectangular shape obtained in 1M Na2SO4 
electrolyte at a scan rate of 5 mV/s between -0.2 to 0.6 V (vs. Ag/AgCl).This indicates an 
ideal capacitive behavior of NiCo-LDH@80° electrode material [53]. Moreover, it was 
clearly observed a peak at 0.4 V, demonstrating that the material overall capacitance was the 
result of a dual contribution of both double-layer capacitance and pseudo-capacitance. 
Generally, the presence of a peak at 0.4 V in a cyclic voltammogram is due to redox reactions 
[54]. Consequently, in this context whereby we are dealing with a material exhibiting both a 
nearly rectangular shape with redox peaks reveal the pseudo-capacitive nature of the materials 
[55]. Interestingly, the CV curves (see figure 4.5 (B)) at different voltage sweeps (from 5 to 
100 mV/s) between -0.2 to 0.6 V have almost no inherent shape change when the scan rates 
increased from 5mV/s to 100 mV/s indicating relatively high-rate performance and high-
current capability of the material in Na2SO4 electrolyte [56-57]. 
 
Furthermore, the cyclic stability of the NiCo-LDH@80°C electrode was tested in 1M Na2SO4 
electrolyte by subjecting the electrode to 480 CV cycles at 200 mV/s. Figure 4.5 (C) revealed 
a capacitance increase from the first 50 cycles, which could be attributed to the stabilization 
of the material, its activation and the good penetration of electrolyte [58]. Surprisingly, it was 
observed no significant change regarding the performance once NiCo-LDH@80°C electrode 
was stabilized (after 300 cycles) indicating the ability of the electrode to preserve its 
electrochemical integrity along its structural. The CV curve possessing a larger mathematic 
area might also possess higher capacitance [59], thus, it can be noted that the capacitance 
value achieved after 480 cycles was higher than the capacitance recorded at the first cycle. 
The capacitance retention of the NiCo-LDH@80°C electrode was 89%. It was calculated by 
considering the highest capacitance value achieved by the electrode after 400 cycles.     
 
Additionally, it can clearly be observed that after the exposure and stabilization of NiCo-
LDH@80°C electrode at a higher scan rate the redox peak appears much prominent that 
before. The shift position observed could be attributed to the higher scan rate value during the 
test.   
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To further quantify the electrochemical behavior of NiCo-LDH@80°C, the galvanostatic 
charge/discharge (GCD) measurements were performed at different current density (0.2 Ag-1, 
0.3 Ag-1, 0.5 Ag-1, 0.7 Ag-1, 1 Ag-1 and 1.6 Ag-1) in 1M Na2SO4 electrolyte. The GCD curves 
are displayed in figure 4.5 (D). The linear shapes of the GCD curves correspond to the nearly 
rectangular shapes observed in the CV profile. It is worth mentioning that the symmetric 
GCD curves reveal the high reversible characteristic of the reactions that occur at the 
electrode/electrolyte interface. 
 
Interestingly, in a comparison reason, NiCo-LDH@80°C was also tested in 1M KOH. Figure 
4.5 (E) confirms the presence of exceptionally intense redox activity of the materials 
exhibiting clearly observable redox peaks at 0.28 V and 0.38 V demonstrating excellent 
pseudo-capacitive behavior of NiCo-LDH@80°C electrode in 1M KOH electrolyte. The 
obtained result shows that the pseudo-capacitive behavior of NiCo-LDH@80°C as shown in 
figure 4.5 (E) could be attributed to the faradaic redox reaction occurring between M-OH and 
M-O-O-H (with M representing Ni or Co ions) [60, 61].  
 
More importantly, the specific capacitance (Csp) values of NiCo-LDH@80°C in 1M Na2SO4 
electrolyte were calculated from CV curves using equation 3.3 described in chapter 3. The 
highest specific capacitance obtained was 2140,625 Fg-1 at 5 mV/s in 1M Na2SO4 due to the 
fact that at lower scan rates the electrolyte ions have sufficient time to penetrate the pores of 
the electrode material, while at higher scan rates only it accumulates on the outer surface (see 
table 4.1). Additionally, table 4.2 displays the specific capacitance performance of various NiCo-
LDH based electrodes. The present study high capacitance could be assigned to a relatively high 
crystalline structure as revealed in the previous XRD patterns which may contribute to effective ionic 












Figure 4.5: (A) CV curve of NiCo-LDH@80°C tested in 1M Na2SO4 at a scan rate of 5 mV/s. 
 
 
Figure 4.5: (B) CV curves of NiCo-LDH@80°C tested in 1M Na2SO4 at different scan rates  
                            from 5mV/s to 100 mV/s. 
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Figure 4.5: (C) Stability study of NiCo-LDH@80°C for 480 cycles tested in 1M Na2SO4 at 




Figure 4.5: (D) GCD of NiCo-LDH@80°C in 1M Na2SO4 at different current density. 
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Figure 4.5: (E) CV curves of NiCo-LDH@80°C tested in 1M KOH at different scan rates 
                              from 5mV/s to 100mV/s. 
 
Table 4.1: Specific capacitance calculation of NiCo-LDH@80°C  
in 1M Na2SO4 at various scan rates. 
 
 






































Scan rates Specific Capacitance (F.g-1) 
100 mV/s 895.3125 
75 mV/s 983.333333 
50 mV/s 1096.875 
30 mV/s 1299.47917 
20 mV/s 1394.53125 
10 mV/s 1843.75 


















2 electrode 3 M KOH 1224 F g-1 (63) 
NiCoAl-LDH-NPs/CH-
NWs //AC 
2 electrode 6 M KOH 155.0 F g-1 (1.0 A g-1) (64) 
PANI/NiCo-LDH 3 electrode 2 M KOH 1845 F g-1 (0.5 A g-1) (65) 
α-phase NiCo DH 
microsphere 
3 electrode 6 M KOH 1120 F g-1 (1 A g-1) (66) 
GS/NiCo-LDH 3 electrode 6 M KOH 1980.7 F g-1 ( 1 Ag-1) (67) 
CNF@Ni-Co LDH NR/ 
NS 
3 electrode - 1378.2 F g-1 (1 Ag-1) (62) 
Ni50Co50-LDH 3 electrode 6 M KOH 1537 F g−1 (0.5 A g-1) (30) 
NiCo-LDH/RGO 3 electrode 3 M KOH 1911.1 F g-1 (2 A g-1) (59) 
NiCo-LDH@CNT/NF 3 electrode 1 M KOH 2040 F g-1 (1 A g-1) (60) 
NiCo-LDH/CFC 3 electrode KOH-PVA 
(solid) 
2762.7 F g-1 (35) 
NiCo-LDH/Ag/NF 
hybrid 
3 electrode 1 MKOH 2920 Fg-1 (5 Ag-1) (68) 
MnO2@NiCo-
LDH/CoS2nanocages 
3 electrode 2 M KOH 1547 F g-1 (1 A g-1) (69) 
CoNiFe-LDH/CNFs 3 electrode 6 M KOH 1203 F g-1(1 A g-1) (70) 




4.3.6. Electrochemical Impedance spectroscopy 
 
As depicted in figure 4.6, electrochemical impedance spectroscopy (EIS) was carried out to 
further investigate the electrochemical properties of NiCo-LDH@80°C with the Nyquist plot 
recorded in the range of 100 kHz to 100 MHz at the open-circuit potentials. Ordinarily, the 
vertical slope in the lower frequency range of the plot indicates low ionic diffusion resistance 
and charge transfer at the interface between NiCo-LDH@80°C electrode and electrolyte [62]. 























































In summary, we successfully produced NiCo-LDH@80°C by a simple co-precipitation 
method. The XRD and FT-IR have confirmed the reliability of the synthesis method to obtain 
NiCo-LDH. The as-prepared NiCo-LDH@80°C was tested as a supercapacitor electrode in 1 
M Na2SO4 electrolyte and the specific capacitance high as 2140 Fg
-1 at the scan rate of 5 mV/s 
has been obtained. Moreover, NiCo-LDH@80°C was also tested in 1 M KOH electrolyte and 
the results revealed relatively high pseudo-capacitance behavior of NiCo-LDH@80°C in 
KOH. In addition, the synthesis method presented in this study provides a pathway for the 
large scale synthesis of NiCo-LDH and can be extended to the synthesis of other LDH for 
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The present dissertation report on a facile co-precipitation methodology to synthesize NiCo-
LDH with the potential to be up-scaled for energy storage industrial applications including 
supercapacitor electrodes. 
 
The XRD analysis has revealed a plane of hydrotalcite – structure indexed to the standard 
card (JCPDS no. 14-0191). The FTIR spectroscopy demonstrated the presence of functional 
groups in respect with the LDHs structure. The SEM analysis has revealed a structure like 
flowers comprising nanosheets. Finally, the EDS and XPS analysis have demonstrated the 
presence of all expected elements and the integrity of sample synthesis excluding unwanted 
impurities. 
 
On the other hand, the electrochemical tests of NiCo-LDH@80°C as a supercapacitor 
electrode were studied via cyclic voltammetry which demonstrated excellent electroactive 
properties in 1M Na2SO4 electrolyte showing a capacitance up to 2140 Fg
-1 at the scan rate of 
5 mV/s. In addition, the cyclic voltammetry analysis conducted in 1M KOH revealed a 
relatively high pseudo-capacitive activity as compared to Na2SO4 due to favorable reactions at 
the electrolyte-electrode interface. Finally, the electrochemical impedance spectroscopy has 
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5.2. Future work 
 
Although a large number of research studies have demonstrated co-precipitation synthesized 
NiCo-LDH to exhibit exceptional electrochemical performances for energy conversion and 
storage, the quality of LDH still needs to be improved for stable device fabrication. More 
focus should be given to composites based on LDH with controlled interlayer distance with 
subsequent clean, highly stable and high-quality structures, which are suitable for energy 
storage applications. It is particularly important to fully understand the redox dynamic and its 
effect on the overall capacitance in various electrolytes including polymer electrolytes for 
solid-state energy storage devices. In addition, the two-electrode test and practical device 
fabrication is recommended in order to fully understand the applicability of NiCo-LDH 
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The development of cost-effective and scalable synthetic methods is of paramount importance to 
achieve industrial application of energy conversion and storage devices based on layered double 
hydroxides (LDH). Herein, we synthesized NiCo-LDH nanosheets via a simple up-scalable co-
precipitation method at relatively low temperature. Moreover, we used several characterization 
techniques to unveil the unique properties of the novel NiCo-LDH among which XRD, EDS, XPS and 
FT-IR. Consequently, we further investigated NiCo-LDH nanosheets using cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) to evaluate the electroactivity of the as-synthesized 
NiCo-LDH for energy storage. Overall, the electrochemical test of the as-synthesized NiCo-LDH 
revealed remarkable performance exhibiting a specific capacitance as high as 2,140 Fg-1 (5 mV/s). 
 
 




Over the past two decades, scientists in the global technological arena have conducted gigantic 
research and development initiatives to practically develop energy storage devices [1-4]. Layered 
double hydroxides (LDH) a class of ionic lamellar compounds, also known as anionic clays have 
tremendously attracted scientific attention worldwide. Accordingly, they became the center of a 
massive technological interest because of their excellent properties such as facile synthesis, unique 
structure, unvarying distribution of diverse metal cations in the brucite layer, surface hydroxyl groups, 
easy tunability, intercalated anions with interlayer spaces, good chemical stability and the ability to 
intercalate diverse varieties of anions (inorganic, organic, biomolecules, and even genes) [5]. The 
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unique advantages of LDH among others layered materials are the possibility to obtain through the 
synthesis the compositions and the combinations of metal-anions [5]. 
Several authors have reported studies related to the synthesis of Layered Double Hydroxides 
(LDH). Thus, various simple as well as expensive ways to synthesize Layered Double Hydroxides 
(LDH) for various applications were discussed [6-8]. However, previous studies on LDH were mostly 
focused on the controlled morphology, the enhanced surface area and other significant properties [9-
12]. Nevertheless, the astonishing scarcity of studies focusing on large scale synthesis of LDH open 
doors to the greatest possible progress in the field for practical applications highly needed [13]. 
In this present study, we have successfully synthesized and presented the facile and scalable 
methodology to synthesize a novel NiCo-LDH nanosheets material having a high cristallinity and 
exhibiting good electrochemical properties for supercapacitor electrode applications relative to 




2. EXPERIMENTAL  
2.1. Synthesis of NiCo-LDH nanosheets  
The as-synthesized NiCo-LDH nanosheets were synthesized via co-precipitation method (Fig. 
1a). All the chemicals purchased from Sigma-Aldrich was used without further purification. In a 
typical procedure, 10 mmol of Ni(NO3)2•6H2O and 20 mmol of Co(NO3)2•6H2O were dispersed in an 
initial solution containing 152 ml of (CH2OH)2 in 60 ml of deionized water under vigorous stirring for 
8 minutes. Thereafter, 148 mmol of Urea were added to the mixture solution while maintaining 
vigorous stirring for another 12 minutes. The final solution was further aged for 3 h at 90°C. Finally, 
the precipitates were filtered and washed with deionized water and ethanol several times and dried at 
80°C overnight. The as-obtained product was named NiCo-LDH@80°C having (Ni:Co=1/2) atomic 
ratio.  
 
2.2. Materials characterization and electrochemical measurements 
XRD study was conducted using a RigakuSmartlab diffractometer (λ = 1.54 nm). FT-IR 
spectrum was recorded using IR Tracer-100-SHIMADZU (3750-500 cm-1). The morphology and 
chemical composition of the sample were characterized by scanning electron microscope (SEM-EDS 
JEOL JSM-7800F) coupled to EDS detector. XPS measurements were conducted using a KRATOS-
SUPRA spectrometer using a monochromatic Al Kα radiation with hν=1486.6 eV and a base pressure 
of 1.2*10-8Torr. 
The slurry was prepared by blending the active material, carbon black and polyvinylidene 
fluoride (PVDF) in a ratio of (80:10:10) in N-methylpyrrolidone (NMP) and sonicated for 10 min. The 
obtained slurry (100 μL) was drop-cast on glassy carbon and allowed to dry. Electrochemical data 
were collected on an Autolab PGSTAT302N potentiostat using a three-electrode system. Glassy 
carbon, platinum wire and Ag/AgCl (3 M KCl-filled) were used as working, counter and a reference 
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electrode, respectively. 1 M Na2SO4 solution was used as electrolyte. Finally, EIS measurements were 




3. RESULTS AND DISCUSSION  
XRD and FTIR served to conduct structural studies of NiCo-LDH@80°C sample (Fig. 1). As 
depicted in Fig. 1b the diffraction peaks centered at 12.28°, 24.67°, 33°, 36.41° and 59° were attributed 
to (003), (006), (009), (012) and (110) plane of hydrotalcite-structure (JCPDS # 14-0191) standard 
card, respectively [14]. Moreover, the crystallinity of the as-synthesized sample as demonstrated via 
XRD patterns confirms the reliability of the adopted synthesis method to produce highly crystalline 




Figure 1. (a) Synthesis route, (b) XRD patterns and (c) FTIR spectrum of NiCo-LDH@80°C.  
                       
Fig. 1c displays the FTIR spectrum of NiCo-LDH@80°C which exhibited a broad peak around 
3635 cm−1 assigned to O-H stretching vibrations related to water molecules and OH groups at the 
brucite-like layer and interlayer, following by a peak at 1500 cm-1 [8]. However, the peak at 1388 cm-1 
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can be assigned to the vibration stretching of interlayer carbonate anions retained in the interlayer of 
LDH, while the peak at 638 cm−1 was ascribed to metal-oxygen (M-O) stretching and bending 
vibrations in the brucite-like lattice, confirming the existence of Nickel and Cobalt in the composite 





Figure 2. (a) FE-SEM micrograph and (b) EDS spectrum of NiCo-LDH@80°C. (c) FE-SEM image of 
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The morphology of NiCo-LDH@80°C was characterized using SEM (Fig. 2a) which exhibited 
a good arrangement of nanosheets linked each other and presenting a structure like flowers. Moreover, 
Fig. 2b depicts the EDS spectrum of NiCo-LDH@80°C which revealed the presence of all expected 
chemical elements among which Nickel, Cobalt and Oxygen without impurities revealing the integrity 
of sample synthesis and handling. More interestingly, the distribution of all elements was relatively 
homogenous as revealed in Fig. 2(c-f). However, the detected carbon was due to carbon tape resulting 
from SEM sample preparation. Finally, it was found that the atomic ratio (Ni:Co = 1:2) was strictly in 




Figure 3. (a) XPS survey scan, HRXPS spectra of (b) Ni 2p and (c) Co 2p core-levels for NiCo-
LDH@80°C.  
 
To further investigate the surface composition and valence states XPS survey scan spectrum of 
NiCo-LDH@80°C (Fig. 3a) clearly demonstrated the coexistence of all expected elements which were 
Ni, Co and O. The XPS results are in accordance with the former EDS results presented and discussed 
above. On the other hand, high resolution XPS spectra were collected to get more insight on the 
valence states of elements on the surface. High resolution spectra of NiCo-LDH@80°C revealed that 
both Ni 2p and Co 2p were split into doublets due to spin-orbit splitting (Fig.3b and c) [9]. Fig. 3b 
presents Ni 2p core-level doublet showing a lower binding energy component Ni 2p3/2 at 853 eV and a 
well-defined satellite peak 858 eV of the binding energy (BE). The main peak located at 853 eV was 
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ascribed to metallic Ni which corresponds to Ni2+ due to the surface oxidation confirming that Ni2+ 
was present in the hydroxide material. Similarly, the Peak at 870 eV and 876 eV were assigned to Ni 
2p1/2 and satellite, respectively [15, 16]. On the other hand, Fig. 3c displays Co 2p core-level spectrum 
of NiCo-LDH@80°C. As previously described for Ni 2p core-level Co 2p appeared as a doublet 
exhibiting peaks at 794 eV and 779 eV respectively assigned to Co 2p1/2 and 2p3/2 [17]. Finally, it is 
worth mentioning that the satellite peak observed at 784 eV is in accordance with the BE of Co2+ [9]. 
Electrochemical measurements were conducted to unveil the electrochemical performances of 
NiCo-LDH@80°C sample which was evaluated using a standard three-electrode system in 1 M 
Na2SO4 electrolytic solution. Fig. 4a shows the CV curves of NiCo-LDH@80°C at (5, 10, 20, 30 50, 
75 and 100 mV/s). Surprisingly, the curves show nearly a symmetrical rectangular shape in the voltage 
window of 0.2-0.6 V, indicating the best capacitive behavior of as-synthesized NiCo-LDH@80°C. 
Consecutively, the overall capacitance was due to the dual contribution of both double-layer 
capacitance and pseudocapacitance. It is worth mentioning that the pseudocapacitive behavior 
observed in the scan range of 0.3 V-0.5 V could be attributed to the faradic redox reaction occurring 
between M-OH and M-O-O-H (with M representing the Ni or Co ions) [18]. Additionally, it should be 
pointed out that no inherent shape change due to the variation of the scan rate from 5 mV/s up to 100 
mV/s was noticed, indicating high-rate performance and relatively high-current capability [19,20]. 
Interestingly, unlike Na2SO4 electrolyte the pseudocapacitive behavior was found to be much more 
pronounced for KOH electrolyte as shown in the cyclic voltammetry curves in Fig. 4c. To further 
quantify the electrochemical behavior of NiCo-LDH@80°C, the galvanostatic Charge/Discharge 
curves are displayed in Fig. 4b. The linear shape of the GCD curves indicates the ideal EDLC behavior 
of NiCo-LDH@80°C corresponding to the nearly rectangular shape observed in the CV profile. It is 
worth mentioning that the symmetric GCD curves reveal the high reversible characteristic of the 
reactions that occur at the electrode/electrolyte interface. Finally, the electrochemical investigation in 
KOH electrolyte revealed that NiCo-LDH@80°C exhibited a remarkably high pseudocapacitive 
behavior. This finding is in accordance with previous reports [9,21].  
The specific capacitance (Csp) of NiCo-LDH@80°C was calculated from CV curves using the 






                                                              (1) 
 




 is total voltammetric charge which is 
the result of the integration of positive and negative sweep in the cyclic voltammogram. (E2-E1) is the 
potential window (V) of operation, m is the mass (g) of the active material after deposition of slurry 
and V is the scan rate (V/s) [22]. Interestingly, compared to previous reports available in the literature 
on NiCo-LDH supercapacitor electrode materials, our NiCo-LDH system exhibited higher specific 
capacitance than 79 % of them as illustrated in Table 1. 
As depicted in Fig. 3d, electrochemical impedance spectroscopy (EIS) was carried out to 
further investigate the electrochemical properties of NiCo-LDH@80°C with Nyquist plot recorded in 
the range of 100 kHz to 100 mHz at the open circuit potentials. Ordinarily, the vertical slope in the 
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lower frequency range of the plot indicates low ionic diffusion resistance and charge transfer at the 
interface between NiCo-LDH@80°C electrode and electrolyte [23]. Finally, the slight semicircle is the 





Figure 4. (a) CV curves of NiCo-LDH@80°C with various scan rates in 1 M Na2SO4 and (b) 
corresponding GCD at different current density; (d) Nyquist plots of NiCo-LDH@80°C and (c) 
CV profiles of  NiCo-LDH@80°C 1 M KOH electrolyte. 
 
Table 1. Specific capacitance performance of various NiCo-LDH based electrode. 
 





2 electrode 3 M KOH 1224 F g-1 (24) 
NiCoAl-LDH-
NPs/CH-NWs //AC 
2 electrode 6 M KOH 155.0 F g-1 (1.0 A 
g-1) 
(25) 
NiCo LDH nanoarrays 3 electrode 2M KOH 2391 F g-1 (26) 
PANI/NiCo-LDH 3 electrode 2 M KOH 1845 F g-1 (0.5 A g-
1) 
(27) 
α-phase NiCo DH 
microsphere 
3 electrode 6 M KOH 1120 F g-1 (1 A g-1) (14) 
GS/NiCo-LDH 3 electrode 6 M KOH 1980.7 F g-1 ( 1 
Ag-1) 
(19) 
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3 electrode - 1378.2 F g-1 (1 Ag-
1) 
(23) 
Ni50Co50-LDH 3 electrode 6 M KOH 1537 F g−1 (0.5 A g-
1) 
(13) 
NiCo-LDH/RGO 3 electrode 3 M KOH 1911.1 F g-1 (2 A g-
1) 
(28) 
NiCo-LDH@CNT/NF 3 electrode 1 M KOH 2040 F g-1 (1 A g-1) (18) 
NiCo-LDH/CFC 3 electrode KOH-PVA (solid) 2762.7 F g-1 (9) 
NiCo-LDH/Ag/NF 
hybrid 
3 electrode 1 MKOH 2920 Fg-1 (5 Ag-1) (29) 
MnO2@NiCo-
LDH/CoS2 nanocages 
3 electrode 2 M KOH 1547 F g-1 (1 A g-1) (30) 
CoNiFe-LDH/CNFs 3 electrode 6 M KOH 1203 F g-1 (1 A g-1) (31) 
NiCo-LDH nanosheets 3 electrode 1 M Na2SO4 2140 F g-1 This work 
 
 
4. CONCLUSION  
In summary, we successfully synthesized NiCo-LDH@80°C nanosheets via a facile up-
scalable co-precipitation method. The XRD, EDS, XPS and FT-IR have confirmed the high 
crystallinity and stability of the as-synthesized materials. The electrochemical investigation of NiCo-
LDH@80°C in 1 M Na2SO4 electrolyte resulted in a record high specific capacitance as high as 2,140 
F.g-1 (5 mV/s). Moreover, this method can be effectively up-scaled and extended to the synthesis of 
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Abstract
A mini-review of defects formation and engineering in energy and sensor materials through intentional doping and
microwave irradiation is presented. Intensive research interest has been observed in the development of Transition
Metal Oxides (TMOs) energy and sensor materials for industrial applications such as energy generation, energy
storage and sensor devices. A variety of selected notable reports are organized into sections depicting structural,
microstructural, luminescent and electronic properties of TMO materials and devices, regardless of their deep
synthetic chemistry. There are three types of Oxygen Vacancies (VO) related to TMO materials among which
neutrally ionized V 0, singly ionized Vo1+, and doubly ionized Vo2+. Oxygen vacancies (V) have been characterized
using several experimental techniques such as X-ray diffraction, Thermo-Gravimetric Analysis (TGA), Ultra-Violet
Visible Spectroscopy (UV-Vis), Photoluminescence (PL) spectroscopy, Raman spectroscopy, Electron Spin
Resonance (ESR), Electron Energy Loss Spectroscopy (EELS) and X-ray Photoelectron spectroscopy (XPS). High
resolution XPS O 1s core levels analysis is one of the most accurate analytical techniques to characterize VO in
conjunction with other techniques. The deconvolution of O 1s core levels using a Gaussian function into three peaks
Lattice oxygen (OL), surface hydroxyl oxygen (O-OH) and adsorbed oxygen (OS) has been widely used to correlate
XPS to XRD, UV-Vis, PL and Raman data. This review summarizes the representative reports of VO formation via
intentional doping or microwave irradiation in TMOs.
Keywords: Oxygen vacancies; TMOs; Doping; Microwave; Energy
materials; Sensors
Introduction
Over the past two decades, oxygen vacancies (VO) have been widely
reported to dramatically alter structural, luminescent, catalytic and
electronic properties of materials applied in a variety of applications
such as energy, sensors and display technologies [1-9]. These defects
classified as point defects are till now the subject of a hot controversy
on their natural origin among the scientific community worldwide due
to the inherent challenges related to materials synthesis and
characterization management in the vast majority of experimental
fields. Oxygen vacancies exist in three states, namely neutrally ionized
V0, singly ionized V1+ and doubly ionized V2+, the first and the former
are stable (10,11) (Figure 1). Hitherto, fundamental studies have been
devoted to elucidate the factors characterizing point defects, most of
them have been investigated by first principle calculations [11,12]. The
main factors are the formation energy and defect concentration, the
former is well described in thermodynamic equilibrium by a
Boltzmann distribution while at the same time it is closely related to
the formation energy, defects with high formation energy are formed
in low concentration [11]. The formation energy of point defects
should not be considered as a constant due to its dependence to growth
conditions. Previous studies have revealed that the formation energy of
an oxygen vacancy depends on the abundance of the parent atoms
found in the material and becomes more complex when the oxygen
vacancy is charged because of the non-negligible effect of the electron
chemical potential [11].
The major role of oxygen vacancy on the modification of electronic
properties of materials has been discussed in a considerable volume of
reports from fundamental studies to experimental investigations. The
key fields of interest are primarily energy, secondly sensors and
luminescent materials. In all these fields, TMOs have demonstrated
exceptional performances, among them ZnO, TiO2, NiO, MnO, CdO,
Fe2O4, SnO2, Co3O4 [13-53] are gaining momentum. However, fewer
have successfully achieved intentional doping using foreign atoms to
control intrinsic materials properties [49-51,54].
More importantly, innovative bi- and tri-metallic multifunctional
nanostructure and heterostructure materials have been designed and
constructed to achieve extraordinary device performances in selected
topics such as reticular chemistry, electrochemical double-layer
capacitors (EDLC), pseudo-capacitors, electrochemical sensors, white
light emitting devices, solar cells, lithium-ion batteries, lithium-sulfur
batteries, photoelectrochemical cells and gas sensors [55-66].
The growing interest in device's performance engineering stems
among others from the possibility to intentionally tailor and control
their oxygen vacancy content. To achieve such goal there is a critical
need to judiciously undertake synthesis and characterization of
materials to be investigated in clean environment and also deeply
understand the effects of sample treatment on its lattice structure
properties. To date several factors have been identified to remarkably
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pressure, temperature and gas treatment environment. Moreover, the
exposure time to electromagnetic radiations sources such as Deep UV
lamps, induction sources, and microwave reactors have been found to
also contribute to the alteration of materials primitive lattice structure.
It should be noted that these lattice structure alterations may have
non- negligible direct contribution to the variation of oxygen vacancy
content as it can be achieved elsewhere from simple conventional
doping processes. Owing to the close correlation between materials
lattice structure and electronic band-structure properties, one should
have a precise understanding of the material band-structure in order to
constructively and optimally describe research observations and
findings.
Through structural doping the formation of oxygen defective sites
has been successfully achieved, while the resulting tensile strain was
revealed by the expansion of material lattice structure [67]. In fact, X-
ray diffraction analysis of the lattice structure quality and
crystallographic fingerprint may lead to the detection of possible
alteration of the lattice structure resulting from foreign atoms insertion
[68]. In their report, Kaur et al [68] demonstrated that doping a
transition metal oxide host material with foreign atoms resulted in a
tensile strain observed from XRD peak shift toward lower angles which
leads to better materials properties later on. Moreover, the slight
alteration observed in the lattice structure may have dramatic impact
in the materials performance enhancement or degradation, depending
of the targeted application.
Interestingly, Kumar et al. [69], have recently achieved lattice
structure expansion via microwave irradiation, this process leads to the
realization of high performing electrochemical spinel cathode
materials for energy storage applications. Likewise, Mesfin et al. [70]
and Jafta et al. [71] reported the same phenomenon and achieved
exceptional electrochemical properties. Several factors have been
identified by these authors to be responsible for these unique
observations but oxygen vacancy increase should be seriously
considered as the most plausible cause from a fundamental
understanding [71].
Hence, the selection of a particular material synthetic method is of
particular importance to the formation and careful control of oxygen
vacancy. To date synthesis assisted with microwave treatment has
proven to be one of the most effective approaches to meet such
performance [70,71]. Microwave irradiation has demonstrated
numerous advantages over other conventional materials processing
such as fast and effective heating during chemical reactions, high
product yield and environmental benign [72-74]. During microwave
irradiation, a direct diffusion of electromagnetic wave energy to the
material occurs via molecular interaction with the electric and
magnetic field vectors of microwaves generated by a magnetron which
produces waves in the frequency range of 300 MHz - 300 GHz (λ:1m-
1mm) (Figure 2). It is plausible that during the interaction of
microwaves with the material nonequilibrium processes occur, the
formation of oxygen deficient sites are then promoted in the material
lattice structure consecutively to entropy-driven desorption of lattice
oxygen in the lattice structure [75,76] (Figure 3). Seminal studies have
established that TMOs are among the best microwave absorbers and
that their electrical resistance decreases with temperature increase and
that microwave energy heats TMOs better than metals due to their low
electric field penetration [77].
This review covers recent studies that focus on spectroscopic
investigation of the versatile effects of oxygen vacancy on intrinsic
properties of TMO materials for energy conversion, energy storage,
sensors and solid state lighting. Special attention was devoted to XPS O
1s core level analysis of oxygen vacancy using GAUSSIAN function
deconvolution.
Figure 1: Local Atomic relaxations domain of oxygen vacancy in the
(a) neutrally, (b) singly and (c) doubly ionized states. Reproduced
with permission from ref. [78]. Copyright 2009 IOP publishing ltd.
Figure 2: Proposed schematic diagram describing the mechanism of
oxygen vacancy formation via microwave irradiation and its effect
on lattice structure and electronic band- structure. Eg and ΔE
represent the energy gap and the quantified red-shift resulting from
microwave irradiation which is shown by the red arrow.
Formation of Oxygen Vacancy
Structural doping
In a recent study, it has been demonstrated that using dopants one
can tune oxygen vacancy in TMO base devices, precisely studies
revealed that p-type dopants introduced holes into the system to lower
significantly the formation energy of oxygen vacancy [85]. Several
other methods have been successfully used to dope transition metal
oxide based materials and devices and hence generate oxygen
vacancies, such as combustion synthesis, solution- combustion, solid
state reaction, sol-gel [86-88], co-precipitation, hydrothermal [89],
sonochemical, chemical vapor deposition, plasma enhanced chemical
deposition, RF magnetron sputtering, evaporation, electrochemical
synthesis, spin coating, spray pyrolysis, and spray coating, etc. Park et
al. [90] have successfully doped ZnO with Co2+ ions and remarkably
analyzed the variation of VO in the undoped and Co-doped ZnO
samples via Maximum entropy method (MEM) using electron density
distribution derived from Rietveld refinement. The authors found that
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the ZnO unit cell volume was increased with Co2+ doping
concentration and that consecutively the amount of VO increased up
to a certain limit before dropping for higher doping concentration. The
author faced a challenge to completely assigned the abrupt increase
observed in the lowest Co2+ doping concentration and stated that
further analysis were needed. It is plausible that Co2+ ions may have
reached its saturation limit in the ZnO crystal lattice below 5 mol%
and above 1 mol% and this could not lead to a continuous increase in
VO content probably due to the segregation of Co2+ ions which are
very likely to have formed islands of dopants in the crystal lattice
instead of bonding.
Figure 3: The crystal structures of (A) TiO2, (B) Cr2O3, (C) V2O3,
(D) MnO2. Reproduced with permission from ref. [79]. Copyright
2015 The Royal Society of Chemistry. (E) Refined Crystal structure
of the CuO unit cell. Reproduced with permission from ref. [80].
Copyright 2014 Springer Nature Publishing Group. (F) Schematic
model of the CeO2 structure showing Ce3+-ions and oxygen
vacancy. The whitish color ball is Ce4+; the red color ball is O2- on
the lattice site; the red color circled ball is oxygen vacancy; the
unfilled white ball represents Ce3+ on the lattice site formed after
removing oxygen either from surface or from the interior of CeO2.
Reproduced with permission from ref. [81]. Copyright 2017
Springer Nature Publishing Group. (G) Atomic configurations for
the unit cell of spinel Co3O4. Reproduced with permission from ref.
[82]. Copyright 2014 The Royal Society of Chemistry. (H) The cubic
NiO crystal structure. Reproduced with permission from ref. [83].
Copyright 2015 Elsevier Ltd (I) A schematic representation of
wurtzite ZnO crystal structure. The Zn and O atoms are marked as
well in the schematic with ash and blue circles, respectively.
Reproduced with permission from ref. [84]. Copyright 2007 The
American Institute of Physics.
Microwave irradiation
Material and device properties have been successfully tailored via
microwave irradiation in a very recent past [81,91-92]. Microwave
irradiation is a rapid and efficient heating way for highly homogenous
materials processing which is eco-friendly and easy to manipulate as
compared to conventional synthetic approaches. This approach has
been used for large scale and cost- effective synthesis of supercapacitor
electrode materials at desired temperatures up to 1500°C and
controlled pressure (≤ 199 bar) at relatively short reaction time [93].
This technique has been used independently or in conjunction with
other processing methods to complement them and achieve high yield
innovative materials in the so-called microwave-assisted synthesis
[94-102]. In a seminal research work, Newnham and co-workers
investigated the microwave-matter interactions ; they reported that
subjecting a material to microwave which has two vector components,
namely, magnetic and electric field which induces in the material an
electric polarization P(C/m2) equivalent to the dipole moment (C-m)
per unit volume (m-3), hence generating thermodynamic
nonequilibrium entropy mechanism [77]. The authors identified
several polarization mechanisms in solids among which three major
leads to loss in the microwave region, namely, space charges arising
from localized electrical conduction, rotating electrical dipoles and
ionic polarization associated with far-infrared vibrations [77].
Characterization of Oxygen Vacancy
Several analytical techniques have been used to characterize oxygen
vacancies in transition metal oxides, namely, X-ray diffraction (XRD),
Thermo-Gravimetric Analysis (TGA), Ultra- Violet Visible
Spectroscopy (UV-Vis), Photoluminescence (PL) spectroscopy, Raman
spectroscopy, Electron Spin Resonance (ESR), Electron Energy Loss
Spectroscopy (EELS) and X-ray Photoelectron spectroscopy (XPS)
[9,90,103-108]. The detailed analysis of XPS O 1s core level which
consist of GAUSSIAN function deconvolution has been widely
accepted among the analytical techniques used to qualitatively analyze
VO and was carefully adopted to get more insights into O 1s medium
peak located at ~531 eV presented in Figure 4ab. This peak has been
ascribed to surface hydroxyl oxygen (O-OH) related to O2- ions that
are localized in the oxygen deficient regions within the ceramic lattice
[109,110]. Moreover, Yoshida et al. successfully investigated the effect
of microwave irradiation on electronic band-structure of ZnO via
absorption and emission spectroscopy (92). The authors systematically
demonstrated via PL spectroscopy that microwaves generated a new
deep level defect which lowers the bandgap of ZnO as illustrated in
Figure 4cd, and they assigned this defect level to zinc and oxygen
plasma or to the thermal effect induced by microwave. However,
particular attention should be given to the former assertion because
the nonequilibrium processes resulting from thermal effect may have
created oxygen vacancies which can be described via energy band-
structure as shown in Figure 4e. It is important to note that for detailed
quantitative analysis of oxygen vacancy Rutherford backscattering
spectroscopy and X-Ray absorption spectroscopy using synchrotron
radiation are more appropriate [111,112].
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Figure 4: Deconvoluted XPS O 1s core level for (a) undoped and (b)
Yb3+-doped ZnO Reproduced with permission from ref. (86).
Copyright 2014 Elsevier Ltd. (c) Bandgap electronic structure and
corresponding (d) energy band diagram at room temperature for
microwave (MW) irradiated and non-irradiated ZnO Reproduced
with permission from ref. (92). Copyright 2015 Elsevier Ltd. (e)
Electronic energy band structure of eigenstate and oxygen-deficient
ZnO, the pink dotted line represents the density of states of O 2p
before the reduction, the orange bidirectional arrow indicates the
work function (φ, φ´), the oxygen atoms are lost and unshared Zn
3d states move towards the CB to form a donor level (Ed), Evac and
Ef are the vacuum level and the Fermi level, respectively.
Reproduced with permission from ref. (25). Copyright 2017
Elsevier Ltd.
Oxygen Vacancy Enhanced Electrochemical
Performances for Energy Storage
Very recently exceptional class of materials have been uncovered,
these multifunctional materials have tremendous advantages and
exceptional performances in energy storage applications, namely,
Layered-Double Hydroxides (LDHs), Metal Organic Frameworks
(MOFs), Multishelled and nanostructured materials; among various
morphologies obtained hollow-spheres are the most efficient in energy
storage [113-116].
Oxygen vacancy plays an important role in tuning the physico-
chemical properties of these innovative materials applied in
supercapacitors, lithium ions batteries, lithium sulfur batteries, sodium
ion batteries, magnesium ion batteries and zinc air batteries. Some of
these innovative materials were produced via microwave assisted
synthesis. Copper and Nickel have been associated to produce via
microwave synthesis a Hollow-sphere MOFs material for enhanced
lithium battery performances [117]. Moreover, the authors revealed
that the matched composition of CuO@NiO resulted in an efficient
step-by-step lithium insertion reaction which finally contributed to the
excellent electrochemical properties as presented in Figure 5.
Furthermore, the core-shell architecture allowed easy lithium/electron
diffusion while the volume change was accommodated in the
microsphere pores of the bimetallic oxides [117].
Figure 5: (a) Illustration of the cationic exchange process of metal
organic framework (MOF) and its conversion to multi-layer hollow
structure. Electrochemical performances of multilayer CuO@NiO
spheres: (b) cycle voltammogram profile, (c) first cycle discharge
(lithium insertion) and charge (lithium extraction) curve, (d)
cycling performance at a current of 0.1 A.g-1, and (e) Nyquist plots
for the first, third and 200 cycles. Reproduced with permission from
Ref. [117]. Copyright 2015 The American Chemical Society.
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Figure 6: (a) Schematic illustration showing the formation of the
yolk-shell Ni/Zn-MOF microspheres and double-shelled NiO/ZnO
hollow spheres. (b) Low- and (c) high-magnification SEM images of
the Ni/Zn-MOF microspheres. (d) TEM image of the double-
shelled NiO/ZnO hollow spheres. (e) Cyclic voltammetry (CV) and
(f) galvanostatic charge-discharge (GCD) curves of the NiO/ZnO
electrode at different current densities. (g) Corresponding specific
capacitance of NiO/ZnO electrode calculated by the GCD curves.
(h) Cycle performance of NiO/ZnO electrode at a current density of
5.2 A.g-1 for 2000 cycles. Reproduced with permission from Ref.
[120]. Copyright 2017.
The concept has been widely adopted and improved by several
groups using different combination of TMOs and organic linkers to
achieve better storage properties in supercapacitors and batteries as
presented in Figures 6 and 7, respectively. In the same spirit, Li et al.
produced NiO/ZnO hierarchical double-shelled hollow spheres with
exceptional cycling stability up to 117% after 2000 cycles at a current
density of 5.2 A.g-1 [118]. Bruce Dunn group on the other hand
remarkably demonstrated the strategic influence of oxygen vacancy on
faster promotion of charge storage kinetics which makes it easy for Li
ions intercalation and de-intercalation [9]. That leads to enhanced
capacity up to ~ 320 mA hg-1 as shown in Figure 8. Teng Zhai and co-
workers have exceptionally demonstrated that oxygen vacancies could
enhance both conductivity and capacitance of nanorods based
wearable asymmetric supercapacitor [119]. The remarkable strategy
consisted of a simple hydrogenation treatment of MnO2 electrodes
which displayed exceptional rate capability and cycling with only a
moderate concentration of oxygen vacancies [119].
Figure 7: (a) Formation Process of Core/Shell ZnO/ZnCo2O4/C
Nanospheres (b) CV curves at a scan rate of 0.1 mV s-1 in the
voltage range of 0.01-3.0 V. (c) Charge/discharge profiles at a
current density of 0.1 A.g-1. (d) Cycling performance at a current
density of 0.5 A.g-1. (e) Rate capabilities of ZnO/ZnCo2O4/C anode.
Reproduced with permission from Ref. [121] Copyright 2015 The
American Chemical Society.
Oxygen Vacancy Dynamic in Photovolatiac Solar Cells
The increasing demand of clean and environmental benign energy
production sources is today in the heart of public and private sector
research institutes strategy development plans worldwide due to
environmental concerns related to conventional energy sources based
on fossil fuels and CO2 production. Researchers are currently driven to
achieve innovative solutions to the betterment of mankind life through
the development of pollution-free energy sources such as photovoltaic
solar cells. Regardless of the type of mechanism exploited to generate
and dissociate electron-hole pairs in solar cells, TiO2 has been
extensively used as a counter electrode and also a hole conducting
layer mainly in quantum dot and dye-sensitized solar cells [122-130].
In an astonishing investigation Su et al. [131] have for the first time
experimentally demonstrated using Electron Paramagnetic Resonance
(EPR) that oxygen vacancy could modulate photoelectrical conversion
efficiency in a TiO2 dye-sensitized solar cell grown via hydrogenation
at low temperature and mild pressure. Their exceptional findings are
summarized and presented in Figure 9. The effect of oxygen vacancy
on the band gap corroborates the results found in previous studies
[25]. Microwave synthesis has been used to synthesize highly
crystalline TiO2 with a shorter treatment time as compared to
conventional heating sources when used in solar cells application
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[132]. Hence, microwave heating has been demonstrated to be more
efficient than conventional heating sources such as muffle furnace,
nowadays a worldwide clue. Recently Ghosh and co-workers [133]
have systematically designed and fabricated via microwave a high
efficient counter electrode based on CuxS and grapheme oxide for
quantum dot sensitized solar cells. Owing to the challenges involved in
photoanode operation, particular care was devoted to its design in
order to effectively reduce the oxidized electrolyte, hereafter achieving
a 6.81% record efficiency of which corresponding results are depicted
in Figure 10.
Figure 8: (a) The most stable oxygen vacancy configuration and
polaron formation in R-MoO3-x calculated from DFT. The Mo5+
ions are highlighted with blue. (b) Sweep rate dependence on
capacitance, (c) and (d) Cyclic voltammetry of the first three cycles
at 10mVs-1 and galvanostatic discharge curves (insets, at 50 mA.g-1)
in F-MoO3 and R-MoO3-x, respectively. Reproduced with
permission from ref. (9). Copyright 2016 Macmillan Publishers
Limited, part of Springer Nature.
Sensor Sensitivity Derived Oxygen Vacancy
From medical applications, namely, diseases detection and
environmental protection in the mining sector, there are rooms for
improvements. The growing momentum observed in the design and
fabrication of electrochemical, gas and chemical sensors drive
researchers and technologists to meet the agenda of the next
generation of sensor devices which are sought to be flexible, highly
selective and sensitive than ever. TMOs based sensors have been
widely investigated for the past two decades and a lot of issues related
to their practical application have been exposed and much still need to
be done for easy and safe domestic usage. Among the vast majority of
synthetic methods used to produce TMOs, microwave has a place of
choice due to the extraordinary variety of materials morphology which
also exhibit unique physic-chemical properties such as high surface
area and exceptional conductivity to cite few. It should be noted that
oxygen vacancy plays a critical role in materials conductivity as
demonstrated by several authors (9,25,92).
Figure 9: (a) Charge transfer mechanism for photoanode-modified
DSSC based on H-TiO2. (b) IPCE spectra of DSSCs based on TiO2
and H-TiO2 annealed at different temperature. (c) Photocurrent-
photovoltage curves under illumination (d) Valence band of TiO2
and H-TiO2 treated under different temperatures. (e) EPR spectra
recorded at 300 K for TiO2, H-TiO2 samples. (f) Mott-Schottky plots
collected in the dark for the TiO2 and the H-TiO2 nanopowders.
Inset Figure: Mott-Schottky plots of HTiO2 nanopowders prepared
at 300°C, 400°C, 500°C, and 600°C, which was collected under the
same conditions. (g) Schematic diagrams of electronic band
structure of TiO2 and H-TiO2. EVo located below the TiO2
conduction band represents the energy levels of oxygen vacancy.
Reproduced with permission from ref. [131]. Copyright 2015 The
American Chemical Society.
From a fundamental point of view, it is well agreed that the targeted
metal oxide sensors resistance modulation is the result of a surface
mechanism of oxidation-reduction reaction (ORR) involving
chemisorbed oxygen with the molecules of the detected gases [134].
This implies that there exist in metal oxides based sensors a relative
correlation between their sensitivity and the concentration of surface
adsorbed oxygen [134]. In the same spirit, several authors have
reported results in agreement of this understanding, and in particular
it should be pointed out that the samples investigated in these studies
were produced via microwave-assisted synthesis [89,135-139].
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Figure 10: (a) J-V characteristics, (b) Nyquist plot and (c) Tafel
polarization characteristics of Pt, brass/Cu2S and Cu1.18S
composites with 10 wt% CNT, GOR and GO. (d) Stability tests: 50
cycles of CV plots for Cu1.18S-GOR as the working electrode in a
three electrode cell. The insets show the CV plots of the Cu1.18S
working electrode for 50 cycles and Pt for 10 cycles, with an arrow
showing the downward shift in current density over an increasing
number of cycles. (e) Energy band diagram (not to scale) of
Cu1.18S-GOR CE showing electron transfer. The energy levels of
GO are also indicated. Reproduced with permission from ref. [133].
Copyright 2016 The Royal Society of Chemistry.
Via oxygen vacancy modulation investigated using XPS, Wang and
colleagues [134] enhanced sensing performance and mechanism of
hydrogenated NiO particles. The innovative concept investigated based
on hydrogenation consisted in increasing the density of unsaturated
transition metal atoms with dangling bonds on the surface, this
concept was investigated elsewhere using Raman spectroscopy [104].
In the study by Wang et al., for which the sensing reaction mechanism
is described and presented in the Figure 11, the XPS analysis revealed
that the relative amount (%) of oxygen vacancy increased with increase
hydrogenated time as shown in Figure 11. The authors found
reasonable to conclude that the sensing properties enhancement
resulting from hydrogenation may originate from the increase of the
relative percentage of OV and OC GAUSSIAN components in the XPS
O 1s core levels and also the decrease in the amount of -OH group
[134]. Due to its role on the electronic band gap decrease and
conductivity increase discussed earlier in section 3, oxygen vacancy
increase could be considered as the main factor responsible for
enhanced sensing activity. The response and recovery along with the
sensors resistance are summarized in the Figure 12.
Figure 11: Schematic diagram of hydrogenation reaction of NiO
particles. (b)-(d) Sensing reaction mechanism for NiO sensing
materials. The letter Ni in red is unsaturated Ni atom with dangling
bonds. Black e- and red e- represent the electron captured by O2
and free electron, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.).The survey spectra, (e) Ni 2p3/2, 2p1/2 and
(f)-(i) O 1s spectra of the hydrogenated and non-hydrogenated NiO
samples, (f) NiO, (g) NiO-H-6, (h) NiO-H-12 and (i) NiO-H-24.
Reproduced with permission from ref. [134]. Copyright 2017
Elsevier Ltd.
Oxygen Vacancy Modulation for Efficient Control of
Field Emission and Light Emitting Devices Properties
Since the past two decades, the display technology industry is
experiencing a considerable investment of scientists and technologists
to the realization of white light emitting materials and devices. It has
been however demonstrated that controlling these devices calorimetric
performances is closely dependent on their oxygen vacancy content
[140-142]. A number of research groups have devoted their efforts to
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synthesize these light emitting materials using microwave approach
[143-146].
Figure 12: Response and recovery curves of the sensors based on the
hydrogenated and non- hydrogenated NiO samples towards
different concentrations of a) acetone, b) formaldehyde, c)
triethylamine and d) ethanol at 350 °C and a relative humidity of
15-22%. (The relative humidity values were measured at 18-22 °C).
The response curves of the sensors based on the hydrogenated and
non-hydrogenated NiO samples towards different concentrations of
(e) acetone, (f) formaldehyde, (g) triethylamine and (h) ethanol at
350 °C and a relative humidity of 15-22%. (The relative humidity
values were measured at 18-22 °C). (i) The resistances of the sensors
based on the hydrogenated and nonhydrogenated NiO samples in
air and in different concentrations of ethanol vapor at 350 °C and a
relative humidity of 15%. (The relative humidity value was
measured at 24 °C. The concentrations labeled in this figure
represent the injected concentration of ethanol each time.).
Reproduced with permission from ref. [134]. Copyright 2017
Elsevier Ltd.
Two years ago a thorough investigation by Zhang et al. [147] was
conducted to elucidate on the role of oxygen vacancy on the persistent
luminescence of a terbium doped light emitting material. The
investigators focused their effort on unraveling the origin of defects
involved in the enhancement of persistent luminescence for samples
annealed in an oxygen-poor atmosphere. They observed via
thermoluminescence spectroscopy analysis that the increase of
persistent luminescence was accompanied by oxygen vacancy content
increase. Moreover, a comparison of defect energy levels was
conducted between their experimental findings and theoretical
calculations derived from Khon-Sham levels studies by Freysoldt and
co-worker [148]. They proposed a re-evaluation of the theoretical
result obtained for the depth of doubly charged VO2+ at 0.69-0.74 eV
as compared to 1 eV below the conduction band [147]. In the same
line, Xu et al. [149] investigated red phosphorescence of Sr2SnO4:Sm3+
phosphor successively sintered in air and 10-2 Torr vacuum
atmosphere. The later treatment option contributed to the increase in
oxygen vacancies amount which according to authors acted as the
sensitizer and electron traps for effective energy transfer from the host
matrix Sr2SnO4 to the dopant Sm3+. The findings of their study are
summarized in Figure 13. Finally, remarkable enhanced
phosphorescence properties were achieved by the authors after vacuum
sintering process [149].
Figure 13: (A) Emission (λex = 254 nm) and excitation (λem = 622
nm) spectra of Sr2SnO4 and Sr2SnO4:Sm3+. (a) is the emission
spectrum of the air-sintered Sr2SnO4: Sm3+. (b), (d) and inset are
the emission spectra of Sr2SnO4: Sm3+ sintered in vacuum. (c) and
(e) are the emission spectra of Sr2SnO4 sintered in vacuum and air,
respectively. Left dash curve is the excitation spectrum of Sr2SnO4:
Sm3+ sintered in vacuum. (B) Afterglow decay curves of Sr2SnO4:
Sm3+ sintered in air and vacuum. Inset: long afterglow photographs
of Sr2SnO4: Sm3+ sintered in air and vacuum. The photographs were
taken in the darkroom for 1 min after the removal of the 254-nm
ultraviolet lamp. (C) Thermoluminescence glow curves of the
vacuum-sintered Sr2SnO4 and Sr2SnO4: Sm3+. Reproduced with
permission from ref. (149). Copyright 2010 The Optical Society of
America.
In a very recent research work, Ai-Zhen Liao et al. [150] successfully
increased field emission properties of a device based on α-Fe2O3
nanorod arrays via conductivity increase and work function decrease
through polaronic hopping mechanism owing to oxygen vacancy. The
significant findings of the study among which band-structure
modification similarly reported by earlier authors are summarized in
the Figure 14 shown below [25,92]. Unambiguously the investigation
revealed according to the authors that oxygen deficient HNAs were
potential candidates for nanoelectronic applications and more
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precisely in cutting-edge field of electron emitter devices and flat panel
displays [150].
Figure 14: Left panel (a) UV-vis absorption spectra of the oxygen-
deficient HNAs annealed at 300°C, 400°C, 450°C, 500°C and 550°C,
respectively, and pristine HNAs annealed at 550°C. (b) Plots of
(αhʋ)2 vs (hʋ) for these samples, from whose tangents we obtain (c)
the corresponding variations of the band gap with annealing
temperature. Right panel (a) I-V characteristics of oxygen-deficient
HNAs annealed at 300°C, 400°C, 450°C, 500°C, and 550°C and
pristine HNAs annealed at 550°C, and (b) the corresponding
specific conductivity as a function. (c) J-E curves of pristine HNAs
annealed at 550°C and oxygen-deficient HNAs annealed at 300°C,
400°C, 450°C, 500°C, and 550°C. Reproduced with permission from
ref. [150]. Copyright 2016 The American Vacuum Society.
Conclusion
This mini-review paper provides an overview of microwave
irradiation tuning of oxygen vacancy and its role in tailoring materials
properties. The key performances of energy storage, sensor and light
emitting materials have been widely assigned to oxygen vacancy.
Various approaches have been reported to account for oxygen vacancy
control among which microwave irradiation is one of the most
accessible and cost effective. It has been demonstrated that at some
extent oxygen vacancy increase is responsible of the p-type
conductivity observed in these materials and plays a considerable role
in the exceptional performances documented in the literature. Due to
thermodynamic nonequilibium processes that occur during
microwave irradiation which contribute to the formation of oxygen
deficient sites in the lattice structure, microwave treatment should be
considered as an effective approach to boost electrochemical, sensing
and optical properties via protonic conductivity enhancement among
others. A consistent observation of the microwave effect on the band
structure modification has been established, which in most cases
resulted in band-gap decrease due to the creation of defects levels
above the valence band highest unoccupied level and below the
conduction band lowest occupied level. These lead to the overall
agreement that oxygen vacancy enhance electronic conductivity and
carriers mobility in most materials and devices leading to easy
transport of injected electrons through oxygen deficient sites. Further
thermodynamic nonequilibrium processes can be studied from other
electromagnetic radiation sources such as UV light to achieve same or
better results. However, in devices where exciton dissociation and
recombination processes occur, challenging control of interfacial
oxygen vacancy is required in order not to degrade their physico-
chemical performances. Finally, the attention of the reader should also
be directed to the importance of XPS analysis which is one of the most
accessible analytical techniques needed for effective oxygen vacancy
characterization.
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